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2.7 Natural gas is stored in a spherical tank at a temperature of 
10°C. At a given initial time, the pressure in the tank is 100 kPa 
gage, and the atmospheric pressure is 1 00 kPa absolute. Some time 
later, after considerably more gas is pumped into the tank, the pres- 
sure in the tank is 200 kPa gage, and the temperamre is still 10°C. 
What will be the ratio of the mass of natural gas in the tank when 
p = 200 kPa gage to that when the pressure was 1 00 kPa gage? 
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2.8 At a temperature ol 100 C and an absolute pressure ol 5 at- 
mospheres, what is the ratio of the density of water to the den- 
sity^ air, p„,/p ? 





















2.11 What are the specific weight and density of air at an abso- 
lute pressure of 600 kPa and a temperature of 50°C? 
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2.1 8 What is the change in the viscosity and density of water be- 
tween 1 0°C and 70°C? What is the change in the viscosity and 
density o f air between 1 0°C and 70°C? Assume standard atmo- 
spheric pressure (p = 101 kN/m : absolute). 
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EXAMPLE 2.2 CALCULATING VISCOSITY' OF 
LIQUID AS A FUNCTION OF TEMPERATURE 

The dynamic viscosity of water at 20°C is 

1 .00 X 1 3 N • s/m 2 , and the viscosity at 40°C is 

6.53 x 10^ N • s/m 2 . 

Using Eq. (2.9), estimate the viscosity at 30°C. 
Problem Definition 

Situation: Viscosity of water is specified at two 
temperatures. 

Find: The viscosity at 30°C by interpolation. 
Properties: 

a) Water at 20°C, \i = 1 .00 x 10~ 3 N ■ s/m 2 . 

b) Water at 40°C, p. = 6.53 x 10^ N • s/m 2 . 
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EXAMPLE 2.3 MODELING A BOARD SLIDING ON 
A LIQlJlD LAYER 

A board 1 rabylra that weighs 25 N slides down an inclined 
ramp (slope = 20") with a velocity of2.0 cm/s. The board is 
separated from the ramp by a thin film of oil with a viscosity 
of 0.05 N ■ s/m 2 . Neglecting edge effects, calculate the 
space between the board and the ramp. 

Problem Definition 

Situation: A board is sliding down a ramp, on a thin film of 
oil. 

Find: Space (in m) between the board and the ramp. 
Assumptions: A linear velocity distribution in the oil. 

Properties: Oil, u. = 0.05 N • s/m 2 . 
^ketch:^ »» ttl 
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EXAMPLE 2.4 CAPILLARY RISE IN A TL'BE 

To what height above the reservoir level will water (at 20°C) 
rise in a glass tube, such as that shown in Fig. 2.7, if the inside 
diameter of the tube is 1 .6 mm? 

Problem Definition 

Situation: A glass tube of small diameter placed in an open 
reservoir of water induces capillary rise. 

Find: The height the water will rise above the reservoir level. 

Sketch: See Figure 2.7. 

Properties: Water (20 °C), Table A.5, a = 0.073 ti/m; 
7 = 9790 N/m 3 . 
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2.21 What is the ratio of the dynamic viscosity of air to that of 
water at standard pressure and a temperature of 20°C? What is 
the ratio of the kinematic viscosity of air to that of water for the 
same conditions? 
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2.22 Using Sutherland's equation and the ideal gas law, develop 

an expression for the kinematic viscosity ratio v/ v„ in terms of 

pressures p and p a and temperatures T and T , where the sub- 
script refers to a reference condition. 
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2.23 The dynamic viscosity of air at 15°C is 1.78 x Iff 
N • s/irT. Using Sutherland's equation, find theviseosity at 100°C 
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2.24 The kinematic viscosity of methane at 15°C and atmo- 
spheric pressure is j.S9 x 10 5 irr/s. Using Sutherland's equa- 
tion and the ideal gasTaw, find the kinematic viscosity at 200°C 
and 2 atmospheres._ 




2.25 The dynamic viscosity of nitrogen at 59°F is 3.59 x 10 ' 
lbf • s/ft 2 . Using Sutherland's equation, find the dynamic vis- 
cosity at 200°F. 
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2.26 The kinematic viscosity of helium at 59°F and 1 atmo- 
sphere is 1.22 x 1(T 3 ftVs. Using Sutherland's equation and 
the ideal gas law, find the kinematic viscosity at 30°F and a 
pressure of 1.5 atmospheres. 
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2.27 The absolute viscosity of propane at 100°C is 1.00 x 10 * 
N ■ s/m 2 and at 400°C is 1.72 X 10~ 5 N ■ s/m 2 . Find Suther- 
land's constant for propane. 
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2.28 Ammonia is very volatile, so it may be either a gas or a liq- 
uid at room temperature. When it is a gas, its absolute viscosity 
at 68°F is 2.07 x 10 7 Ibf ■ s/ft 2 and at 392°F is 3.46 x 10" 7 
lbf ■ s/ft". Using these two data points, find Sutherland's con- 
stant for ammonia. 
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2JlTwo plates are separated by a 1/8-in. space. The lower 
plate is stationary; the upper plate moves at a velocity of 25 
ft/s. Oil (SAE 10W-30, 150°F), which fills the space between 
the plates, has the same velocity as the plates at the surface of 
contact. The variation in velocity of the oil is linear. What is the 
shear stress in the" oil? 
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2 32 Find the kinematic and dynamic viscosities oJ air and water 
ai a temperature of 40°C 0WF) and an absolute pressure of 
170kPa(25psia). 
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2.33 The sliding plate viscometer shown below is used to mea- 
sure the viscosity of a fluid. The top plate is moving to the right 
with a constant velocity of 1 m/s in response to a force of 3 N. ' 
The bottom plate is stationary. What is the viscosity of the fluid? 
Assume a linear velocity distribution. 
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2.34 The velocity distribution for water (20°C) near a wall is 
given by u = a(}'/6)" 6 , where a = lOm/s, b = 2 mm, and v 
is the distance from the wall in mm. Determine the shear stress 
in the water at y — 1 mm. 
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2.35 The velocity distribution for the flow of crude oil at 100°F 

(u. = 8 X \0 5 lbf ■ s/ft" ) between two walls is shown, and is 
given by u — 100y(0.1 ~y) ft/s, where v is measured in feet e 
and the space between the walls is 0. 1 ft. Plot the velocity distri- 
bution and determine the shear stress at the walls. 
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■ 2.36 A liquid flows between parallel boundaries as shown 
above. The velocity distribution near the lower wall is given in 
the following table: 



V in m 


P'ia 


■ m/s 


0.0 


0.00 


1.0 


1.00 


2.0 


1.99 


3.0 


2 



a. If the viscosity of the liquid is 10 3 N ■ s/itT, what is the 
maximum shear stress in the liquid? 

b. Where will the minimum shear stress occur? 
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2.37 Suppose that glycerin is flowing (T = 20°C) and that the 
pressure gradient dp/dx is -1.6 kN/m" . What are the velocity 
and shear stress at a distance of 12 mm from the wall if the 
space B between the walls is 5.0 cm? What are the shear stress 
and velocity at the wall? The velocity distribution for viscous 
How between stationary plates is 
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2.39 Consider the ratio (j. I0O /m. 5O , where (jl is the viscosity of 
oxygen and the subscripts 100 and 50 are the temperatures of 
the oxygen in degrees Fahrenheit. Does this ratio have a value 



V^J&W.i ... . , _ ^ [[I ■ 

(a) less than t, (b) equal to 1, or(c) greaterthan 1? Cfryg CflOlCf |-J /Cj 
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2.40 This problem involves a cylinder falling inside a pipe that 
is filled with oil, as depicted in the figure. The small space be- 
tween the cylinder and the pipe is lubricated with an oil film that 
has viscosity u.. Derive a formula for the steady rate of descent 
of a cylinder with weight W, diameter d and length I sliding in- 
side a vertical smooth pipe that has inside diameter D. Assume 
that the cylinder is concentric with the pipe as it falls. Use the 
general formula to find the rate of descent of a cylinder 100 
mm in diameter that slides inside a 100.5 mm pipe. The cyl- 
inder is 200 mm long and weighs 15 N. The lubricant is SAE 
20W oil at 10°C. 
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2.41 The device shown consists of a disk that is rotated by a 
shaft. The disk is positional very close to a solid boundary. Be- 
tween the disk and the boundary is viscous oil. 

a. If the disk is rotated at a_tate of 1 rad/s, what will be the ni- 
tio of the shear stress in the oil at r = 2 cm to the shear stress at 

b. If the rate of rotation i s 2 rad/ s. what is the speed of the oil 
in contact with the disk at r " 3 cm? 

c. Ifthe oil viscosity is 0.01 N • s/m 2 andthespacingyis2mm, 
what is the shear stress for the conditions noted in part (b)? 
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2.45 A pressure of 2 X 10 6 N/m 2 is applied to a mass of water 
that initially filled a 2000 cm 3 volume. Estimate its volume after 
the pressure is applied. 
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2.46 Calculate the pressure increase that must be applied to wa- 
ter to reduce its volume by 2%. 
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2.49 Which of the following is the formula for the gage pressure 
within a very small spherical droplet of water: 
(a) p = a/d, (b) p = Aa/d, or (c) o = 8oVd '? 



2.50 A spherical soap bubble has an inside radius R, a film 
thickness I, and a surface tension o\ Derive a formula for the 
pressure within the bubble relative to the outside atmospheric 



pressure. What is the pressure difference for a bubble with a 
4 mm radius? Assume a is the same as for pure water. 
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2.51 A water bug is suspended on the surface of a pond by sur- 
face tension (water does not wet the legs). The bug has six legs, 
and each leg is in contact with the water over a length of 5 mm. 
What is the maximum mass (in grams) of the bug if it is to avoid 
sinking? 
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2.52 A water column in a glass tube is used to measure the pres- 
sure in a pipe. The tube is 1/4 in. (6.35 mm) in diameter. How 
much of the water column is due to surface-tension effects? 
What would be the surface-tension effects if the tube were 1/8 in. 
(3.2 mm) or 1/32 in. (0.8 mm) in diameter? 
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2.53 Calculate the maximum capillary rise of water between two ; 

vprtiral plass platps spappH 1 mm apart 
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2.54 What is the pressure within a 1 mm spherical droplet of 
„ ;,i«.r relative to the atmospheric pressure outside? 
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2.55 By measuring the capillary rise in a tube, one can calculate 
the surface tension. The surface tension of water varies linearly 
with temperature from 0,0756 N/m at 0°C to 0.0589 N/m at 
1 00°C. Size a tube (specify diameter and length) that uses capil- 
lary rise of water to measure temperature in the range from 0°C 
to 100°C. Is this design for a thermometer a good idea? 
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\ 2.57 A drop of water at 20°C is forming under a solid surface, 
j The configuration just before separating and falling as a drop is 
I shown in the figure. Assume the forming drop has the volume 
of a hemisphere. What is the diameter of the hemisphere just be- 
i fore separating? 
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GIVEN The velocity distribution for the flow of a Newtonian 
fluid between two wide, parallel plates (see Fig. E1.5o) is given 
by the equation 



Date 



No. 



where V is the mean velocity. The fluid has a viscosity of i 
0.04 lb ■ s/ft 2 . Also, V = 2 ft/s and h = 0.2 in. 
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FIND Determine: (a) the shearing stress acting on the bottom 
wall, and (b) the shearing stress acting on a plane parallel to the _ 
walls and passing through the centerline (midplane). 



Solution — — ■. 

For this type of parallel flow the shearing stress is obtained from 1 
Eq. 1.9, 



du 



(1) 




(2) 



Thus, if the velocity distribution u = «(y) is known, the shearing I g FIGURE E1.Sa 
stress can be determined at all points by evaluating the velocity i 
gradient, du/dy. For the distribution given 

du _ 3Ky 
dy ~ h 2 

- (a) Along the bottom wall v = -h so that (from Eq. 2) 
du = IV 
dy h 

and therefore the shearing stress is 

3 tA (0.04 lb ■ s/fr)(3)(2 ft/s) 
Tj~ (0.2 in.)(l ft/12 in.) 
= 14.4 lb/ft 2 (in direction of flow) ( Anst 

\ This stress creates a drag on the wall. Since the velocity distribu- 
i tion is symmetrical, the shearing stress along the upper wall 
i would have the same magnitude and direction. 
| (b) Along the midplane where y = it follows from Eq. 2 that 
du 
dy 

and thus the shearing stress is 

TmMnhnw = (Ail*) 



COMMENT From Eq. 2 we see that the velocity gradient 
(and therefore the shearing stress) varies linearly with y and in 
this particular example varies from at the center of the channel 
to 14.4 lb/ft 2 at the walls. This is shown in Fig. El. 56. For the 
more general case the actual variation will, of course, depend on 
the nature of the velocity distribution. 
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n-diameter bubbles of 20° C water. Estimate the pressure that 



EXAMPLE 1.4 A machine creates small 0.5-mm-. 
^SoMon-Bullte have two surfaces leadtng to the following esttmate of the pressure: 

_ 4(7 _ 4x0.0736 
P = ~7~ 0.0005 



-= 589 Pa 



where the surface tension was taken from Table C.l. 
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XAMPLE 1 .8 
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GIVEN Pressures are sometimes determined by measuring the 
height of a column of liquid in a vertical tube. 



FIND What diameter of clean glass tubing is required so that 
the rise of water at 20 °C in a tube due to capillary action (as op- 
posed to pressure in the tube) is less than h = 1 .0 mm? 



Solution 

From Eq. 1.22 



h = 



so that 



_ 2a cos0 
yh 

For water at 20 °C (from Table B.2), a = 0.0728 N/m and 
y = 9.789 kN/m 3 . Since 9 - 0° it follows that for h = 1.0 mm, 

2(0.0728 N/m)(l) 



Note that as the allowable capillary rise is decreased, the diame- 
ter of the tube must be significantly increased. There is always 
some capillarity effect, but it can be minimized by using a large 
enough diameter tube. 



(9.789 X 10 3 N/m 3 )(1.0mm)(10~ 3 m/mm) 
0.0149 m 



and the minimum required tube diameter. D, is 

D = 2R = 0.0298 m = 29.8 mm 



(Ans) 



CONtfABHT By repeating the calculations for various values 
of the capillary rise. h. the results shown in Fig. E 1 .8 are obtained. 
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Example 1 .6. The velocity distribution for flow over a plate is gives by u - 2 v y 2 where u is 
the velocity in m/s at a distance y metres above the plate. Determine the velocity gradient and shear 
stress at the boundary and 1.5 m from it. 

Take dynamic viscosity of fluid as 0.9 N.s/m 1 . 
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Example 1 .5. 77i»? i/wce iMWCCM fWO square flat parallel plates is filled with oil Each side of 
the plate is 720 mm The thickness of the oil film is 15 mm The upper plate, which moves at 3 m/s 
requires a force of 120 N to maintain the speed. Determine: 

(i) The dynamic viscosity of the oil; f ~ ^ g~ ^ 

l«) TKie kinematic viscosity of oil if the specific gravity of oil is 0. 95 \ ' ? 
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Example 141. A 150 mm diameter shaft rotates at 1500 r.p.m. in a 200 mm long journal 
bearing with 150,5 mm internal diameter. The uniform annular space between the shaft and the 
bearing is filled with oil of dynamic viscosity 0.8 poise. Calculate the power dissipated as heat. 
5 (AMIE Winter, 2001) 
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Example V.12. A vertical cylinder of diameter 180 mm rotates concentrically inside anothc. 
cylinder of diameter 181,2mm. Both the cylinders are 300 mm high. The space between thecylinders 
is filled with a liquid whose viscosity is unknown Determine the viscosity of the fluid if a torque of 
20 Nm is required to rotate the inner cylinder at 1 20 r.p. m. 

Solution. Given: Diameter of inner cylinder, d = 1 80 mm = 0. 1 8 m 

Diameter of outer cylinder, D -- 181.2 mm - 0. 1 8 12 m 

Length of each cylinder, / = 300 mm = 3 m 

Speed of the inner cylinder, N ■ 120 r.p.m. 

Torque, T « 20 Nm. 



E 

s 

a 
3 



-I80mmdia — 
181.2 mm dia. - 

Fig. 1.8 



Liquid 



- 0.6 mm 
Outer cylinder 

V 

Inner rotating 
% / cylinder 
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Example 1.22. If the surface tension at air-water interface is 

» 069 N/im, what is the pressure difference between inside and outside- 

of an air bubble of diameter 0. 009 mm'} 

Solution. Given: c ■ 0.069 N/m; d - 0.009 nun 

An air bu bble h as only one surface. Hence. 1> 



P = 



4o 

4 x 0.069 



r 



30667 N/nr 



0.009 xlO 
30.667 kN/m* or kPa (Ans.) 



Example 1.23. /f r/if surface tension at the soap-air interface is 09 A'/m. calculate the internal 
pressure in a soap bubble of 28 mm diameter. 

Solution. Given: a = 0.09 N/m; d = 28 mm. ^ v\ ^ 



In a soap bubble there are two interfaces. Hence, 
8a 8 x 0.09 



P - 



28x10 



25.71 N/m 1 (above atmospheric pressure) (Ans.) 



Example 1.27. A clean tube of diameter 
2 5 mm is immersed in a liquid with a coefficient of surface tension = 0.4 Kim. The angle of contact 
of the liquid with the glass can be assumed to be 135". The density- of the liquid - / 3600 kg/m . 

What would be the level of the liquid in the tube relative to the free surface of the liquid inside 
ihe tube. 

Solution. Given d - 2.5 mm , a - 4 N/m. - 1 35*, p - 1 3600 kg/m } 
Level of the liquid in the tube, h: 

The liquid in the tube rises (or falls) due to capillarity. The capillary rise (or fall), 

4 a cosQ 



h = 



4 x 0.4 x cos 135 c 



..(Eqn. 1.20) 



~ (9 81 x 13600) x 2.5 x 10" J 
- - 3.39 * 10-% or - 3.39 mm 
Negative sign indicates thai there is a capillary depression (fall) of 3.39 mm. (Ans.) 
Example 1.28. Assuming that the interstices in a clay are of size equal to one tenth the mean 
diameter of the grain, estimate the height to which water will rise in a clay soil of average grain 
diameter of 048 mm. Assume surface tension at air-water interface as 0.074 N/m 

Solution. Given: Diameter of the pores, d = -j- » 0.048 = 0.0048 mm; a - 0.074 N/m 



Assuming 



e = o c 



h = 



4 x 0.074 



4a 

wd ~ (9.81 x 1000) x 0.0048 x 10 



( v w = pg) 



•y = 6.286 m (Ans.) - — 
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Example 1 JO. Determine (he minimum size of glass tubing that can be used to measure water 
le\-el, if the capillary rise in the tube is not to exceed 0.3 mm. Take surface tension of water in 
contact\ith air as 0.0735 N/m. 

Solution. Given :Capillary rise, h ■ 0.3 mm ■ 0.3 * 10~ 3 m 
Surface tension, o » 0.0735 N/m 
Specific weight of water, w = 9810 N/m 3 . 
Size of glass tubing, d: 

4 gcos0 _ 4c 
wd wd 



Capillary rise. 



h = 



(Assuming 6 - for water) 
0.3 x 10 3 



4 * 0.0735 



d = 



9810 *d 
4 x 0.0735 
0.3 x 10" 5 x9810 



= 0.1 m - ioo ma (Am.) 



Example 1.31. A U-tube is made up of two capillaries of bores 12 m and 2.4 mm respectively. 
The tube is held vertical and partially filled with liquid of surface tension 0.06 N/m and zero contact 
angle. If the estimated difference in the level of mo menisci is 15 mm. determine the mass den.'sity of 
the liquid. 

Solution. Given. Bores of the capillaries: 

<i, = 1.2 mm = 0.0012 m 

d 2 = 2.4 mm = 0.0024 m 
Difference of level. A, - h 2 » 15 mm = 0.015 m; Angle of contact, 8 = 
Mass density of the liquid, p: 



4c cos 8 



and h, = 



4c cos 



i 



4c 

7 



d. 



[where w (* pg) - weight density of the liquid/] 

(v 8=0) 



0.015 m 



4 x 0.06 



px9.81 



1 



1 



0012 0.0024 



0.02446 



x 416.67 



P ■ 



0.02 446 x 416.67 
0.015 



679.45 kg/m 3 (Ans.) 
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Poletechnic Lecture Note 



Subject 



Date 



No. 



Problem t .4 \ plate, 0.025 mm distant from a fixed plate, moves at 60 cmJs and requires a force of 
2 V per unit area i.e., 2 N/nf Hi maintain this speed. Determine the fluid viscosity between the plates 



A^V«hte VWeh gjgja^a <k]fc Qit&Sy*^ _L 



T / 

FIXED PlATE 
Fig. IJ 



Problem t.5 A flat plate of area 1.5 X 10° mm 2 is pulled with a speed ef 0.4 mJs relatively 
another plate lociued at a distance of 0.15 mm from it. Find the force and power required to maintain 
this speed, if tin fluid separating them is having viscosity as I poise. 

Solution. Given : 

Area of the plate. A - 1.5 x 10* mm 3 = 1.5 m 3 

Speed nl plate relative to another plate, du = 0.4 rii/s 
Distance between the plates, dy = 0.15 mm = 0.15 x IQ~ 3 m 

I Ns 

|U - 1 poise 



i sing equation (1.2) we haveT » a 



10 nr ' 

du 1 0.4 N 

— = „ x r = 266.66 — 

dy 10 .15x10"' m - 

(0 .*. Shear force, F as t x area = 266.66 x 1.5 = 400 N. Ans. 

(ft*) Power*' required to move the plate at the t»pecd 0.4 m/sec 

« Fx u = 400 x 0.4 = 161) W. Ans. 
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Problem 1 .6 Determine the intensity of shear of an oil having viscosity = I noise The oil , ,,,,•,/ 
tor lubricating the clearance between a shaft of diameter 10 cm anil its journal bearing. The clear- 
ance is 1.5 mm ami the shaft rotates at 150 r.p.m. 



-, io c * 



— 
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Problem 1 .7 Calculate the dy namic viscosity o f an oil. which is used for lubrication between a 
square plate of size 0.8 m x 0.8 m and an inclined plane with angle of inclination 30° as shown in 
Fig. I. -4. The weight of die square plate is 300 N and it slides down the inclined plane with a uniform 
velocity of 0.3 m/s. The thickness of oil film is 1.5 mm. 



Solution. Given ; 
Area of plate. 
Angle or plane. 
Weight or plate, 
Velocity of plate. 
Thickness of oil Film. 



A = 0.8 x 0.8 = 0.64 nr 
8 = 30= 
W~ 300 N 
u - 0.3 m/s 

/ = dy as ! 5 mm - 1.5 x 10 3 m 
Let the viscosity of fluid between plate and inclined plane is p, 
Component of weight W. along the plane = W cos 60° s 300 cos 60' 
Thus the shear force. F . on the bottom surface of the plate ■ 150 N 

F 150 




Fig. L4 



and shear stress. 



T = 



0.64 



N7m- 



150 N 



Area 

Now using equation ( 1.2). we have 

du^ 

where du = change of velocity — a — 0— u * 3 m/s 



dy t> t 

150 
064 



1.5 x 10 

03_ 

1.5 • 10 



m 



jt = 



150 x LSxlO 
u.f.J • 0.3 



= 1.17 N s/nr = 1.17 x 10 = 11,7 poise. Ans. 
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Problem 1.9 The ipace two square flat parallel plates is filled with 7i. Each side of Z 

plate n 60 cm. The thtdmss of, he oil film is 12.5 mm. The upper plan; which moves at 2 J metre per 
m- requires a force <>} VS. I M to maintain the speed Determine : 
(i) the dynamic viscosity of the oil in poise, and 

Hit the kinematic viscosity of the oil ,n stokes if the specific gravity of the oil is 0.95. 
Solute Given: (A.M.J.R, Winter 1977) 

Each side of a square plate - 60 em = 0.60 m 
'• A,v -' A a 0.6 v 0.6 a 0.36 m 2 

rinckness ol oil film. ,r: - 12.5 mm = 12.5 k 10 m 
Velocity ol tippei plate. ii = 2.5 m/sec 

I bange uf velocity between plates, du = 2.5 in/see 
Force required on upper pi ale. F ■ 98. 1 N 

Force _ F _ _98dN 
Area .4 0.36m' 
(i) Let u - Dynamic viscosity of oil 

Using equation ( 1. 2). ■ ''" - m 25 



Shear stress. 



T = 



du 98.1 

t = u — or - u x 

«> 0.36 12,5x10 1 



98.1 12.5x10 ; 
tt = x — — 

036 2.5 



1.3635 



Ns 



; V — r = ") poise ; 

v m" 



■ 1.3635 x 10 = 13.635 poise. Ans. 

(«) Sp gr. of oil. S = 0,95 

Let v - kinematic viscosity of oil 1 o\\ S S ^ o,v * b ^ V *^ 

Using equation (1.1/4), # =A - 

Mass density of oil. p = Sx 1000-0,95 X 1 000 = 950 kg/m 5 /„„^o KyU* 

» ( Ns ^ 
Inr j 



U 



l.3635j 



t - .' n l> the relation, v * —.we set v - 

p 950 

— ■ 14.35 stokes. Ans. 



■ .(X)I435 mvsec - ,001435 x 10 4 enr/s 
(v cm J /s - stoke; 



N O 



BOOK 



Poletechnic Lecture Note 



Subject 



Date 



No. 



Problem 1.11. Determine the specific gravity of a, fluid having viscosity (1.05 poise and kinematic 
viscosm 0.035 stakes. 

Solution. Given : 



Viscosity, u - 0.05 noise 
Kinematic viscosity. 



0.05 
10 



N s/nr 



v = 0.035 stokes 
= 0.035 cro J /8 
= 0.035 x !«) i nr/s 



| v Stoke ■ tnr/s] 



Usini* the relation v= — . v*e set 0.035 x 10 '= ~~ x - 
p 10 p 



_ O05 I 

P ~ 10 X .035 x 10 



- 1428.5 kg/m 



Sp, gr, of liquid 



Density of watei (000 



Problem 1.12 Determine the viscosity of a liquid having kinematic vi.u o\ity 6 stoke* and \peettic 
gravity 1.9. 

Solution. Given : 

Kinematic viscosity v * 6 stokes - 6 cmVs = 6 x 10 4 m : /s 

Sp. gr. of liquid = 1 ,9 

Let the viscosity of liquid = u 

Densit) of the liquid 



or 



Now sp. gr, of a liquid 

.-. Density of liquid 
. . L miil' the icl;Krou 



1.9 = 



Density of water 
Density of liquid 
ll)0(! 

I00O - 1.9 - 1900 



m 



M 



v - '— , w e ve>. 
P 
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Problem 1.17 A 15 < m diameter vertical cylinder rotates concentrically inside another cylinder of 
diameter 15.10 em. Ruth cylinders are 25 cm high. The spare between the cylinders is filled with a 
liquid Whose viscosity is unknown. If u torque of 12.0 Sm is required to rotate the inner cylinder at 
100 r. p.m., determine the viscositv of the fluid. (A.M. I.E., Winter. 1979) 

Solution. Given : 

a 15 cm - 0.15 m 
--- 15.10 cm = 0.151 m 
L » 25 cm a 0.25 m 
T - 12.0 Nm 
N - 100 rp.m. 
= M 



I )iamekr of cylinder 
Dm, of outei cylindci 
Length of cylinders. 

ri-Kjiic. 
Speed. 

Lei the \ iscositv 



Tangential velocity of cylinder, u 
Suifaee area of cylinder. 
Now using relation 



r DN 



Kx0.15x 100 



60 00 
4 =:.iDxZ.-nx0.15 xO.25 



0.7854 m/s 

• .1178 m J 



du 

ay 



' « here du s u - = u = .7854 m/s 
n.151 -0.150 



</v = 



m = .0005 nt 



Substituting these values in equation (i), we get 
II x .7854 



I 



.0005 
Shear force. 

Torque. 



u x .7854 

F = Shear stress x Area = n x .1178 



7= Fx 



/J 



.(il 



,1: 
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Problem 1.17A A vertical cylinder of diameter ISO mm rotates concentrically inside mother 
. i limit i <>i diameter ISI.2 mm Both the cylinders are 300 mm high. The space between the cylinder* 
is tilled with a liquid whose viscosity is unknown. Determine the viscosity of the fluid if a torque of 
20 Nm is required to rotate the inner cylinder at 120 r.p.m. i VTU, Aug. 2003) 

Solution, (liven: 

Dia. of inner cylinder, D, ■ 1 80 mm = 0. ISO m ; 

Di.i. i>l outer cylinder, D„ = 1 S I -2 mm = 0.1812 in : height of cylinders, h - 300 mm = 0.3 m . 
Torque. 7' = 20 Nm ; speed, N = 120 r.p.m. 

Tangential veioetiv of rotating cylinder. 

V 



■ 

; 

tgr 



ii = 



kDS kD,N 



60 



60 



KXO.WX120 . , 
_ s 1,13 m/s 

60 

(Here D - D, as inner cylinder is rotating I 

Surface area of rotating cylinder - kD, X h 

s pc x 0.18 x 0.3 = 0.1696 m" 



Now asmg the relation. 



dtt 
tl v 



D, - £>, 

where da = u - o = u - 1.13 rn/s : dy - — — — 



□.1812 -0.180 



- 0.0006 m. we get 



Shear loice. 



U3 



Torque, 



/• = r .». Area - i — -— — — ' x 0.1696 
V 00006 ' 



* 0.0006 ) 2 



1' ■ 



20 x 0.0006 x 2 



i 0.693 N s/nr 



1.13x0.1696x0.180 
0.695 x 10= 6.95 poise. Ans. 
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Problem 1.24 What is the bulk modulus Of elasticity of a liquid which is compressed in a cylinder 
from ti volume of 0.0125 in at HO N/cm" pressure to a volume of 0.0124 m' at 150 N/cm' pressure ? 



J 



Solution. Civ«n : 
Initial volume. 
Pinal volume 

Decrease in volume 



V = 0.0125 nr 

= 0.(1124 m' 
rfV - .0125 - .0124 = .0001 m 5 

_<ty _ jQooi 

IT * .0125 
Initial pressure = 80 N/cm' 

Kinal pressure = 1 50 N/cm 3 

Increase in pressure, dp = (150 - 80) - 70 N/cm 2 
Bulk modulus is given by equation 1 1.10) as 

70 



K = 



tN 

w 



.0001 
.0125 



70 x 125 N/cm' 



= 8.75 x 10- N/cnr. Vns. 



Problem 1.26 Find the surface tension in a soap bubble of 40 mm diameter when the inside 
pressure is 2.5 N/m' above atmospheric pressure. 

Solution. Given : 



Dm, of bubble, d = 40 mm = 40 x 10 

Pressure in excess of oulside.^= 2.5 N/nr 

For a soap bubble, using equation ( 1 . 15). we get 



m 



d 



or 2.5 



a - 



2.5 x 40 x 10 ' 



Six a 
40 x 10 ' 



N/m = 0.0125 N/m. Ans. 



Problem 1.27 The pressure outside the droplet of water of diameter 0.04 mm is 10. .12 N/cnr 
{atmospheric pressure). Calculate the pressure within the droplet if surface tension is given as 
0.0725 N/m of water. 
Solution. Given : 

Dia. of droplet. d = 0.04 mm = .04 x 10" 3 m 

Pressure outside the droplet = 10.32 N/cm 2 ■ 10.32 x 10 J N/m" 
Surface tension. C - 0.0725 N/m 

The pressure inside the droplet, tn excess of outside pressure is given by equation (1.14) 



tit 



4o 4x0.0725 mua mm.! i 
p - — - — = 72M) N/m 

d .04 x 10 



7250 N 
!<r cur 



= 0.725 N/em- 
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Problem 1 .30. The capillary rise in the glass tube is not to exceed 0.2 mm of water. Determine its 
minimum size, given that surface tension for water in contact with air = 111)725 N/ni. 
Solution. Given : 

h * 0.2 mm - 0.2 x H)" m 
a ■ 0.0723 Hfm 
-it 

~0 



Capillary rise, 

.Surface tension, c 
Let dia. of tube 
The angle 8 for water 
Density (p) for water 
Lsing equation ( 1.20), we get 



/, = 



MUX! k-'/m' 



•*CT 4x0.0725 
— or 2 x 10 = 

pxgxd 1000x9*1 xrf 



d = 



4 v 0.0725 



= 0.148 m * 14.8 rm. Am. 



I000x9.81x.2x 10" 
Thus minimum diameter of the tube should be 14. X cm. 

Problem 1 .31 Find out the minimum size of glass tube that can he used to measure water level if 
the Capillary rise in the tube is to be restricted to 2 mm. Consider surface tension of water in contact 
with air as 0.073575 N/m. (Convened to Si Unit.s, A.M.I. E.. Summer. 1985) 

Solution. Given : 
Capillary ri.se. 
Surface tension. 
Let dia of tube 
Tbc angle 8 for water 
The density for water. 



h = 2.0 mm = 2.0 x 10" m 
a = 0.073575 N/m 

■ d 

- 

p - HHX) kg/in* 



Using equation (1.20), we get 

h 



4n 



P X g X d 



— or 2.0 x 10 4 = 



4x0.073575 
1000x 9.8 ] xd 
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Example 1.3 : // density of liquid is 837 kg/m 3 , find its specific weight, specific gravity 
and specific volume. If kinematic viscosity of thts liquid is 1.73 cm 2 /s, obtain its dynamic 



viscosity 
Solution 

a) 
b) 


or 

d) 



11989, 2005] 



Specific weight (w) = pxg ■ 837x9.81 = 821097 N/m 3 
Specific gravity 

Specific volume ■ — = 1218X10 -1 m 3 /N 
w 



Density of liquid _ 837 
Density of water " 1000 ~ 



1 
P 



837 



U9xl0- 3 m 3 /kg 



Kinematic viscosity v 



= | (/. v = 173em 2 /s = 173X10- 1 m 2 /s) 

■ 837xl73xl0" 4 
= 0.1448 N-s/m 2 



I 



1 2 If the kinematic viscosity of benzene is 7.42 x 10"' stokes and its mass density 
is 860 kg/m . determine its dynamic viscosity in kg/m s. 

v = 7.42x 10 J S 

= 7.42x 10"- x IO- J m : /s = 7.42 x 10 7 m 2 /s 
M = pv = 860 x 7.42 x I0" ? 

= 6.381 x I0" 4 kg/m s 

I 3 If the mass density of a fluid is 789 kg/m" , determine its specific weight and 
specific volume. 

Y=Pg = 789x9.806 

- 7736.934 N/m' or 7.737 kN/m' 
Specific volume Vm-m j~ = 0. 1 29 mVkN 

1.4 Determine the kinematic viscosity of air at 20°C if its dynamic viscosity is 
1.85 x 10 poise and its mass density is 1.208 kg/m' 

u = 1 .85 x I 0~* poise 



* 1.85 x 10 5 kg/m s 
, - M _ [M* 10" 



1.208 



1.531 x lO-'niVs 
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!,5 The space between two parallel horizontal plate* kept 5 mm apart is filled 
with crude oil of dynamic viscosity 2,5 kg/m s. If the lower plate is stationary and 
upper plate is pulled with a velocity of 1.75 m/s, determine the shear stress on the 
lower plate. 



du 


1.75 


Jy 


5 x 10" 




du 


T 





= 875.0 N/m 2 

1.6 A 50 mm diameter and 0.10 m long cylindrical body slides vertically down 
in a 52 mm diameter cylindrical tube. The space between the cylindrical body and 
tube wall is filled with oil of dynamic viscosity 1.9 N s/m 2 . Determine its velocity 
of fall if its weight is 16 N (Fig. 1.4). 

Let U be its terminal velocity of fall. Shear stress t will be 

du irx U 
t = u- ;r = |,9 x 

*f I x 10" ' 



= 1.9 x W V N/m 2 



52 mm 

M M 



Oil 



mm 
i 

16 N 



f 

0.10 m 
1 



Fig. 1.4. 

The shear stress will aci on the surface of the cylinder. Hence 
Total force F = tx4 

* l-9x ia'xt/x3.J42x50x 10^x0,10 
= 29.849 V 

Under equilibrium condition, the weight will be balanced by the total shear force - 
Hence 

16.0 = 29.849 U 

£/ = 0.536 m/s 
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1,7 A rectangular plate of 0,50 mx 0.50 m dimensions weighing 500 N slides 
down an inclined plane making 30° angle with horizontal, at a velocity of 1 .75 m/s. 
If the 2 mm gap between the plate and inclined surface is filled with a lubricating 
oil. Find its viscosity and express it in poise as well as in Ns/m J (Fig, 1.5). 




Fig, 1.9, 



F=0.5x0.Sxux L 7 5 « 
2*10-' 

m 0.219 x lOV 

For equilibrium, this must be equal to component of weight along the inclined 
surface. 



500 sin 30° = 0.219 x 10* 



i 




i 














* 1 
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4m. 
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a* 



4i 



-*c. 



f 
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| — Pi + x 7 , - (^ 




■rzr- 

s 


.1*1 




1 







NOTEBOOK 



Poletechnic Lecture Note 



Subject 



Date 



No. 









df - y 


c p ^ "2 -tC : 








— j — * — a — 











r 






-* 


















N> f 3 -H^Via 



p M v c k 3 -p 3 









; v^f^K 








f 




l \ 6, 








— fr 1 — 1 






/ 7 







NOTEBOOK 



Poletechnic Lecture Note 



Subject 



Date 



No. 












WoMf ^n 


















ft; 
- r =»-t — 



fair 



Am filler 




& sJ*« W **Wr ^ yr, ^ ^ -^j 



3r 



NOTEBOOK 



Poletechnic Lecture Note 





r rr 



NOTEBOOK 



Poletechnic Lecture Note 



Subject 



Date 



No. 



¥■ hydro ihh'c hfu oy, pknf &rpate 




tfj&fyj, ijM}^ Qi . &nb & 



4vt^> V^^i 



View C-C 























-Hr Ja^ i 


























— r — 1 — ~/,w,m i 






~ S-vflA ( <s~/* 








z j 




f f'.h.lV -X •■ 





I 



NOTEBOOK 



Poletechnic Lecture Note 



Subject 



Date 



No. 





\ 4 



A"3 



a 4 



NOTEBOOK 



Poletechnic Lecture Note 




Poletechnic Lecture Note 



^Subject Date 


No. 








2.65 Gate AB in Fig. P2.65 is semi- \i 








circular, hinged at B, and held by a f 
horizontal force P at point A. Determine s «, 
the required force P for equilibrium. WWer 
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Example 33. An isosceles triangular plate of base 3 m and altitude J m is immersed vertically in 
an oil of specific gravity 0.5 The base of the plate coincides with the five surface of oil. Determine: 
(i) Total pressure on the plate; {it) Centre of pressure. 
Solution. Base of the plate, b ■ 2 m 
Height of the plate. A = 3m 

, Free oil surface 
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EXAMPLE 3.9 HYDROSTATIC FORCE DUE TO 
CONCRETE 

Determine the force acting on one side of a concrete form 
2.44 m high and 1.22 m wide (8 ft by 4 ft) that is used for 
pouring a basement wall. The specific weight of concrete is 
23.6kN/m 3 (150 lbf/ft 3 ). 



Fin j Hp <v* \Vq» V fUct achv^ ft * vow • 



EXAMPLE 3.10 FORCE TO OPEN AN 
ELLIPTICAL GATE 

An elliptical gate covers the end of a pipe 4 m in diameter. If 
the gate is hinged at the top, what normal force F is required 
to open the gate when water is 8 m deep above the top of the 
pipe and the pipe is open to the atmosphere on the other side? 
Neglect the weight of the gate. 

Problem Definition 

Situation: Water pressure is acting on an elliptical gate. 
Find: Normal force (in newtons) required to open gate. 



Hmge 
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2.68 Isosceles triangle gate AB in 
Fig. P2.68 is hinged at A and weighs 1500 N. 
What horizontal force P is required at point 
B for equilibrium? 



Date 



No. 
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3.4 The Crosby gage tester shown in the figure is used to cali- 
brate or to test pressure gages. When the weights and the piston 
together weigh 140 N, the gage being tested indicates 200 kPa. 
If the piston diameter is 30 mm, what percentage of error exists 
in the gage? 
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PROBLEM 3.4 



A mouse can have a mass of 25 g and an elephant a mass of 

7500 kg. Determine a value of £>, and D 2 so that the mouse * ~ T 1 ? **^ 

can support the elephant. 




PROBLEM 3.5 
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3.11 For the closed tank with Bourdon-tube gages tapped into it, 
. what is the specific gravity of the oil and the pressure reading on . 
gage C? 



1 

1.0 m 



0.5 m 



t 

1.0 m 
1 

0.5 m 



"3 A p, * 50.0 kPa 



—38 p a = 58.53 kPa 



PROBLEM3.il 



_v 

v 



0^ H « \° 
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3.13 If a 200 N force F, is applied to the piston with the 4 cm di- _ 

ameter, what is the magnitude of the force F 2 that can be re- C . D J\. Pig h ■> ?ss<&fl \ >5 i I 

sisted by the piston with the 10 cm diameter? Neglect the " ~~ ' ■ 

weights of the pistons. 51 * Uso^ 



K- 

o'— - 

"1 I h — 4 cm diameter 



- 10 cm diameter 



Pa fcJdU r p. » X & 



.Oil (S * 0.85) 



-2.2 m- -| 

PROBLEM 3.13 
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3.14 Some skin divers go as deep as 50 m. What is the gage 
pressure at this depth in fresh water, and what is the ratio of the 
"absolute pressure at this depth to normal atmospheric pressure? 
Assume T — 20°C. 



- Hit 1 5 30 



3 16An engineer is designing a hydraulic lift with a capacity of 10 
tons Themovingpartsofthisliftweigh 10001bf.Theliftshouldra.se 
the load to a height of 6 ft in 20 seconds. This will be accomplished 
withahydraulicpump that delivers Huid to a cylinder. Hydraulic cyl- 
inders with a stroke of 72 inches are available with bore sizes from 
2 to 8 inches. Hydraulic piston pumps with an operating pressure 
range from 200 to 3000 psig are available with pumping capacities 
of 5 1 and 1 5 gallons per minute. Select a hydraulic pump size and 
a hydraulic cylinder size that can be used for this application. 



Ju 



1000 Ibf 



Hydraulic oil 
(return line) 



Hydraulic oil 
(from pump) 



PROBLEM 3. 16 
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3.17 A tank with an attached manometer contains water at 20°C. 
The atmospheric pressure is 100 kPa. There is a stopcock lo- 
cated 1 m from the surface of the water in the manometer. The 
stopcock is closed, trapping the air in the manometer, and water 
is added to the tank to the level of the stopcock. Find the in- 
crease in elevation of the water in the manometer assuming the 
air in the manometer is compressed isothermally. 
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(XI Open 
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PROBLEM 3.17 m 
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3.18 A tank is fitted with a manometer on the side, as shown. 

The liquid in the bottom of the tank and in the manometer has a 
specific gravity (S) of 3.0. The depth of this bottom liquid is 20 _ jr^T 
cm. A 15 cm layer of water lies on top of the bottom liquid. Find 
the position of the liquid surface in the manometer. 



r - 
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3.21 What is the maximum gage pressure in the odd tank 

shown in the figure? Where will the maximum pressure-occur'' ° per V 10 ~~ 

\i/u * • .1- i a . ■ i. ' " - — ' *~ — r . atmosphere 

What is the hydrostatic force acting on the top (CD) of the last " 

chamber on the right-hand side of the tank? Assume 

T=10°C. 



- Closed top 



1 rn 



6 ±^ * y , -ru n. ^ p 

■ ft*,* * KfiW 



Plan view (view E-E) 
Open to atmosphere 



Elevation view 
PROBLEM 3.21 
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3.22 The steel pipe and steel chamber shown in the figure to- 
gether weigh 600 lbf. What Ibree will have to be exerted on the 
chamber by aTTlfle bolts to hold it in place? The dimension t is 
equal to 2.5 ft . Note: There is no bottom on the chamber — only 
a flange bolted to the floor. 



-H ^fftfi^ tie bp. 



Date 



Steel pipe 
Liquid (S=1.2) 



No. 



T rfyi 



Steel chamber 



PROBLEM 3.22 
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W3 What force must be exerted through the bolts to hold the 
H_ dome in place? The metal dome and pipe weigh 6 kN The 
dome has no bottom. Here ( = 80 cm. 



if*-. 




fa'nk ? s bv determ,nin S leve^o^nT 

- nh th d ' SC ^ arg,n g a sma " am °«nt of air through a small 
tube, the end ot which is submerged tn the tank, and reaZ i 
he pressure on the gage that is tapped into the tube Then he 

- level of the l, qu ,d surface in the tank can be calculated If he ■ 



Liquid 
(S = 0.85) ? 



- Air supply 
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3.30 Is the gage pressure at the center of the pipe (a) negative, ■ 
(b) zero, or (c) positive? Neglect surface tension effects and 
state your rationale. 



Date 



Specific gravity = 1-00 



No. 
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6 in 
12 in 



Specific gravity = 2.00 
PROBLEM 3.30 



A differential manometer is shown in Fig. 2-33. Calculate the pressure difference between points .4 and B. 
I p A + [(0.92)(62.4)][(* + 12)/12] - f(13.6)(62.4)](g) - [(0.92)(62.4)][(* + 24)/12] =/>» 

Pa~Pb = 906 lb/ft 2 



Oil (s.g. - 052) 



Oil (s.g. = 0.92) 




P — 




24 in 



f\ 

12 in I 



Mercury (s-g. = 13.6) 



Fig. 2-33 
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2. Determine the change in the elevation 

, -p - ,he ieft le ? of !n< - manometer 

o. J-ig. E, £Vas a result of an increase in pressure 
of 5 psi in pipe A while the pressure in pipe 8 - 4 w»-/C 
remains constant. 



Oil SSG • 0.9! 




Mercury 

FfGt'RK n.6r 



Are** A. 



^ ^« I'nt'ii'aJ C&^urthhn : 

kft Column ftlls b, t* t ^ ^M^ m „ 

\ fa * I 4 3o' J - 



S-Hraci £j.f/j hem fjjl\ 4 gfcfc 



Swat ifc h>fc»m« /flMi f ^ 4 <j = l>, 



15 >- 

5" 
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2.62 Determine the new differential leading 
alone the inclined leg of the mercury manometer 
of Fig. Pl.iX if the pressure in pipe A is de- 
creased 10 kPa and the pressure in pipe B remains 
unchanged. The fluid in A has a specific gravity 
of 0.9 and the fluid in B is water. 




FIGURE P2,*2 
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2.62 Determine the new differential leading 
alone the inclined leg of the mercury manometer 
of Fig. Pl.iX if the pressure in pipe A is de- 
creased 10 kPa and the pressure in pipe B remains 
unchanged. The fluid in A has a specific gravity 
of 0.9 and the fluid in B is water. 
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EXAMPLE 3.2 WATER PRESSURE IN A TANK 
What is the water pressure at a depth of 35 ft in the tank 
shown? 

Problem Definition 

Situation: Water is contained in a tank that is 50 ft deep. 
Find: Water pressure (psig) at a depth of 35 ft. 
Properties: Water (50°F), Table A.5: y = 62.4 lbf/ft'. 
Sketch: 



© 



© 



Water 

r= 50°F 



Elevation = 250 ft 



■ Elevation = 200 ft 



Plan 



Use the idea that piezometric head is constant. The 
steps are 

1 . Equate piezometric head at elevation 1 with piezometric 
head at elevation 2 (i.e., apply Eq. 3.7a). 



Pi 



2. Analyze each term in Eq. (3.7a). 

3. Solve for the pressure at elevation 2. 

Solution 

1. Eq. (3.7a): 

Pi 

_T 'r 
y -y 

2. Term-by-term analysis of Eq. (3.7a) yields: 

• Pi =P atm = Opsig 

• z t = 250 ft 

• z 2 = 215 ft 

3. Combine steps 1 and 2: 

£i + z,=^ + z, 
7 7 



+ 250 ft 



Pi 



- + 215 ft 



~3 



62.4 Ibf/ft 
p 2 = 2180 psfg =Fl5.2 psig] 



Review 



Remember! Gage pressure at the free surface of a liquid 
] exposed to the atmosphere is zero. 



EXAMPLE 3.3 PRESSURE IN TANK W ITH 
TWO FLUIDS 

Oil with a specific gravity of 0.80 forms a layer 0.90 m deep/ 
in an open tank that is otherwise filled with water. The total 
depth of water and oil is 3 m. What is the gage pressure at the 
bottom of the tank? 

Problem Definition 

Situation: Oil and water are contained in a tank. 
Find: Pressure (kPa gage) at the bottom of the tank. 
Properties: 

1. Oil(10°C), S = 0.8. 

2. Water (10°C), Table A.5: y = 9810 N/m 3 . 
Sketch: 



f 2. Equate pressures across the oil-water interface. 
' 3. Find £3 by applying the hydrostatic equation given in 
a Eq.(3.7a). 

Solution 

1 . Hydrostatic equation (oil) 



© 



Water 

r= io°c 



_©_ 



Toil 



Toil 



Pa 



+ 3 m = 



Pi 



■2.1 m 



7oii 0.8x9810 N/m 

/?, = 7.063 kPa 

2. Oil-water interface 



3. Hydrostatic equation (water) 

Twater 



7.063 kPa 



Pi 

y wale 



7.063 xlO 3 Pa , j m = 13 



9810 N/m 



9810 N/m 



- + 0m 



p 3 = 27.7 kPa gage 



Plan 

Use the idea that piezometric head is constant in a body of 
fluid with constant density. Recognize that pressure across 
the interface at elevation 2 is constant. The steps are 
1. Find p-, by applying the hydrostatic equation given in 
Eq. (3.7a). 



Review 

Validation: Since oil is less dense than water, the 
answer should be slightly smaller than the pressure 
corresponding to a water column of 3 m. From Table 
F. 1 , a water column of 10 m = 1 atm. Thus, a 3 m water 
column should produce a pressure of about 0.3 
atm = 30 kPa. The calculated value appears correct. 
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EXAMPLE 3.1 LOAD LIFTED B V A HYDRAULIC JACK 

A hydraulic jack has the dimensions shown. If one exerts a 
force F of 100 N on the handle of the jack, what load, F-,, can 
the jack support? Neglect lifter weight. 

Problem Definition 

Situation: A force of F — 100 N is applied to the handle of a 
jack. 

Find: Load F 2 in kN that the jack can lift. 

Assumptions: Weight of the lifter component (see sketch) is 

negligible. 

Plan 

1 . Calculate force acting on the small piston by applying 
moment equilibrium. 

2. Calculate pressure/;, in the hydraulic fluid by applying 
force equilibrium. 

3. Calculate the load F 2 by applying force equilibrium. 



Solution 

1. Moment equilibrium 







(0.33 m)x(100 N)-(0.03 m)F, = 

f 0.33 m x 100 N = 1100N 
0.03 m 

2. Force equilibrium (small piston) 



1 F . 



small pislon 



j 



o 



Thus 



p t A, = F l = 1100 N 
it _ U00-N . 



6.22 X 10° N/m- 



I 



TfrfV4 



Sketch: 



1.5 cm diameter 



5 



3. Force equilibrium (lifter) 

• Note that p, = p 2 because they are at the same eleva- 
tion (this fact will be established in the next section). 
" Apply force equilibrium: 



YF KI 



:/r 2-/'l^2 = 



-PiA 2 



6.22 x 10 



^-x(0.05 m) 



12.2 kN] ™ 



Review 

The jack in this example, which combines a lever and a 
hydraulic machine, provides an output force of 12,200 N 
from an input force of 100 N. Thus, this jack provides a 
mechanical advantage of 1 22 to 1 ! 



A 
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EXAMPLE 3.6 PRESSURE MEASUREMENT 
(U-TUBE MANOMETER) 

Water at 10°C is the fluid in the pipe of Fig. 3.11, and 
mercury is the manometer fluid. If the deflection AA is 60 cm 
and t is 1 80 cm, what is the gage pressure at the center of the 
pipe? 

Problem Definition 

Situation: Pressure in a pipe is being measured using a 
U-tube manometer. 

Find: Gage pressure (kPa) in the center of the pipe. 
Properties: 

1. Water (tO°C), Table A.5, 7 = 9810 N/m 3 . 

2. Mercury, Table A.4: 7 = 133, 000 N/m 3 . 

Plan 

Start at point 1 and work to point 4 using ideas from Eq. 
(3.7c). When fluid depth increases, add a pressure 
change. When fluid depth decreases, subtract a pressure 
change. 



Solution 

1 . Calculate the pressure at point 2 using the hydrostatic 
equation (3.7c). 

Pi = Pi + pressure increase between 1 and 2 = + y m Ah t -, 

= 7 m (0.6 m) = (133, 000 N/m 3 )(0.6 m) 

= 79.8 kPa 

2. Find the pressure at point 3. 

• The hydrostatic equation with z 3 = z 2 gives 

Py\ = PA = 79.8 kPa 

Iwater "Iwatcr 

• When a fluid-fluid interface is flat, pressure is constant 
across the interface. Thus, at the oil-water interface 

Pl\ = Pi\ =79.8kPa 

'mercury 'water 

3. Find the pressure at point 4 using the hydrostatic equation 
given in Eq. (3.7c). 

p 4 = p 3 - pressure decrease between 3 and 4 = p 3 - y w £ 

= 79,800 Pa-(9810N/m 3 )(1.8 m) 
= 62.1 kPa gage 



EXAMPLE 3.7 MANOMETER ANALYSIS 

Sketch: What is the pressure of the air in the tank if 

£ , = 40 cm, e 2 = 1 00 cm, and ( 3 = 80 cm? 




Problem Definition 

Situation: A tank is pressurized with air. 

Find: Pressure (kPa gage) in the air. 

Assumptions: Neglect the pressure change in the air column. 



Properties: 

1. Oil: 

7 „ = Sy„ 



0.8 X 9810 N/m J = 7850 N/m 



2. Mercury, Table A.4: 7 = 133, 000 N/m 3 . 
Plan 

Apply the manometer equation (3 .18) from elevation 1 to 
elevation 2. 

Solution 

Manometer equation 

Pi * V -yA-y-xA =p 2 

down up 
Pi + "IWur/s _ Tw*2 + T\,il*l = Pi 

+ ( 1 33, 000 N/m 3 )(0.8 m) - + (7850 N/m 3 )(0.4 m) = p 2 



P2=Pair= HOkPagage 
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Example ^2.9 A cylmdrical tank of cross-sectional area 600 mm 1 and26mhe,ght is filled with 
(i) Intensity of pressure at the interface. 

iUi Absolute underpressures on the base of the tank tn tern, of voter head, otl head and 

( Hi) The net force experienced by the base of the tank. 

Assume atmospheric pressure m 1. 01 32 bar. 
Solution, Given: Area of cross-section of the tank, A = 600 mm- 1 = 600 * 10 * 




sp.gr. of oil - 0. 78; p^m | o 1 3 2 bar. 
Intensity of pressure at the interface: 
The pressure intensity at the mtcrface between the 
oil and water is due to 1 1 m of oil and is given by, 

PilMffcM " "* 

-(0.78 x9810)x 1.1 

= 8417N/m 1 (Ans.) 

Absolute and gauge pressure on the base of the 
tank: 

Pressure at the base of the tank 

- Pressure at the interface (due to 1.1 m of oil) t 

pressure due to 1 .5 m of water 

^.,^,= 8417 +(9810* 1.5) 

" 23, -*2 N/m J (gauge) (Ans.) 



I.I m 



I 5 m 



23132 
9810 

23132 



2J58m of water (gauge) (Ans.) 
3.023 mof oil (gauge) (Ans.) 



0.78 x 9810 
Atmospheric pressure, p ttn « 1.0132 bar 
»l&YS2*WHh& 

= 10.328 mof water 



y Cylindrical 
* tank 



✓ Oil 

(Sp.gr. -0.78) 

Interface 
between the oil 
and water 



Water 



J 



I 0132 x K) 5 



Pmm 
Fig. 2.7 



9810 
1.0132 x 10* 



= 13.241 mof oil 



0.78 x 9810 

Absolute pressure = Atmospheric pressure - gauge pressure 
^(absolute)- 10.328+2.358 - 1 2.686 mof water (Ans.) 

- 13.241 +3.023 -16.264 mof oil (Ans.) 

- 1 01 320 + 23 1 32 - 1 24452 N/m 2 (Ans.) 
Ilie net force experienced by the base of the tank: 

F(= P)-^p blic ( gauge) x 

cross-sectional area 
"23132 * 600 x 10* - 1 3.879 N (Ans.) 
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Ff\- )yc/ti>jk\«. Fat 
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1 J A liquid at 20"C has a relative density of 0.80 and 
a kinematic viscosity of 2.3 cerrtisloke Determine 
its (i) unit weight and <ii> dynamic viscosity in Pa s. 

Solution: 

(i) Unit weight y= pg * (p.,*, * RD) x g 
Taking Pmtm at 20" as 998 kg/m'. 

y« 998 x 0.8 x 9.81 
m nil.} Wm } m 7.832 kN/m 3 

(ii) Dynamic viscosity fi m *p 

v ■ 2.3 ccntistoke ■ 2 J x 10"" m : /s 

p = 998 x 0.8 = 798.4 kg/m 3 

/j = 2.3 x l<T* x 798.4 = 1.836 x Iff" 3 Pa.s. 



Date 



No. 



1.4 The space between two parallel plates kept 3 mm 
a pan is filled with an oil of dynamic viscosity 0.2 
Pa s. What is the shear stress on the lower fixed 
plate, it the upper one is moved with a velocity of 
1.50 m/s? (Refer Fig 1.2). 



3 on "~7 



Pifl. 1.2 

-Solutitm: Since the gap between the plates is very" 
small, a linear variation of velocity can be assumed. 



du 



V 

I 



1.50 



: SOOtS 1 ) 



3x10° 

r = Shear stress on the bottom plate 



« ^t 



dv 



: 0.2 x 500 = 100 N/nr 



1.5 The velocity distribution in a viscous flow over a 
plate is given by 

« = 4y - y J for y £ 2 m 

where u * velocity in rn/s at a point distant v from 
the plate. If the coefficient of dynamic viscosity is 
1 .5 Pa s determine the shear stress at v ■ and at y 
■ 2.0 m. 



Solution: Given 



Therefore 
Shear stress x 



u 

J" 

dv 



■ 4-2y 
g.„<4-2y) 



At y = 0. r„ ■ 4p = 4 x 13 - M Pa-s 
At y a 2.0 ni. r, - fj,i -4|»P 
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1.6 The velocity distribution near the solid wall at a 
section in a laminar flow is given by 

«>5.0sin (5xy) 

for y S 0. 10 m. Compute the shear stress at a section 
at <i) y ■ 0. (ii) y - 0.05 m and (iii) y ■ 0. 10 m The 
dynamic viscosity of the fluid is 5. poise 

Soluntm: Given. 

5 n_ 

H m 5 poise ■ — Pa s 
Since u = 5.0 sin (5x>) 

^ m 5.0 x 5* cos (5xy> 

dy 

Shear stress r = p ^ = -^r * 25xcos <5xy) = 1 2.5* cos 
dv 10 <Sxy) 

(i) At y - 0. T- lZSx cos (0) - 12.5k - 39.27 N/m J 

(ii) At y • 0.05 m. i» 12.5* cos (5*x 0.05) 

■ 12.5 x x 0.707 = 27.76 N/nr 

tiii) At y =0.10 m. t m !2.5xcos (5x x 0. 1 > * • 



1.7^A 90 N rectangular solid block slides down a 30* 
inclined plane. The plane is lubricated by a 3 mm 
thick fdm of oil of relative density 90 and viscosity 
8.0 potse If the contact area is 0.3 m\ estimate the 
terminal velocity of the block (Refer. Fig. 1.3). 




Fig. 1.3 



Solution: Given 



V = icrmmal velocity 
= 30* 



At the terminal velocity, the sum of the forces acting on 
the block in the direction of its motion is zero Hence 

W sin 9 - rA « 

where t = shear stress on the block and 
A » area of the block. 

r = jl~=p^- where * ■ thickness of oil film 

ji m 8 poise ■ ^ Pa s * 0.8 Pa J 

/) = 3mm = 3xl0'm 
A a 0.3 m : 

_ Substituting the various values in the above equation. 

90sin30"--^^rx(0.3)>0 
3x10 ' 

V * » 0.5625 ro/s 

80 
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1,9 A cylindrical shaft of 90 mm diameter rotates about 
a vertical axis inside a fixed cylindrical tube of 
length 50 cm and 95 mm interna! diameter. If the 
space between the tube and the shaft is filled by a 
lubricant of dynamic viscosity 2.0 poise, determine 
the power required w overcome viscous resistance 
when the shaft ts rotated at a speed of 240 rpm 
(Refer. Fig. 1.5). 



Solution' 



V * Circumferential velocity of the shaft 
IkN 



2)i x 240 



x r 



Clearance h ■ 



€0 
95-90 



0.090 \ 

FT 

= 2.5 mm 



i 131 art 



Assuming linear variation of velocity across the gap 



Velocity gradient 



dr 



1.131 



i 452.4 »' 



2.5 x 10~ 5 
ji ■ 2.0 poise * 0.2 Pa.s 



Shear stress on the shaft r ■ u — - 
or 



Shear force 



■ 0,2 x 452.4 = 90.48 Pa 
F t = r x 2 sr X 1 

-»48xf2*x~l x0.50 



. Torque 



= 12.79! N 
T * F.r 



Power required - P 



12.791 x 
nN 



60 
2*x2 40 
60 



DM09 „ , ,„ u 
-r- ■ 0.6756 N.m 
z 

■T 

x 0.6756 ■ IUSW 



3 «■ 240 RPM 




«g. 1.5 



X 
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1.10 A sleeve 10 cm long encases a vertical metal 
rod 3.0 on in diameter with a radial clearance of 
0.02 mm If when immersed in an oil of viscosity 
6.0 poise, the effective weight of the sleeve is 7.5 N._ 
will the sleeve slide down the rod and if so at what 
velocity? (Refer Fig 1.6) 

Solution: Given 

H = 6 poise = 0.6 Pa.* 

h m 0.02 mm - 0.02 x Kr'm 

Let V * Velocity of the sleeve when sliding down. 



Date 



No. 



du V 
Shear stress r ■ n = H v 



= (0.6) x 



2x10 



.3 x \0* V 



3cm 



j C<.M->:t ■■• 

\ " 0.02 mm 
V 



Fig. 1.6 



At terminal velocity 

Shcai ti-iw - Submerged weight .it the <lccse 
(2xrl) x r = 



100 

282.74 V m 7.5 

V m 02653 mh , 



2.6f> cm.'". 



1.11 A hydraulic lift used for lifting automobile* has » 
25 cm diameter rum which slides in a 25.018 cm 
diameier cylinder, the annular space being filled 
with oil having a kinematic viscosity of 3.7 cib'/s 
and relative density of 0.85. If the rate of travel of 
the ram is 15 cmA find the frictiona) resistance 
when 3-3 in of ran. is engaged in the cylinder. 



Solution: 



fi^vp*. 3 7 x 10~" x 0.85 X W8 
0,3139 Pa s 



du V 
Shear stress t = )i~ * ft - j 



= 0.3139 x 



0.15 



(25.018 - 25.0O)/( 2 xKVi 



- 52v: N.m 

Frictional resistance F , * At 
f\ m (nOL) x r 
25 



„ KX — x 3.3 x 523.1 
100 

■ 1356 N = 1 J56 kN 
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1.12 A circular disc of radius H is kepi at a small height 

above a fixed bed by means of a layer of or! of 

viscosity it. If the disc is routed at an angular 

velocity lis. obtain an expression fat viscous torque 

on the di>c (Refer Fig 1.7). 

Solution. Consider an element of disc of width dr at a 
radial distance r. 







L_ * 4 


1 


L i 







Velocity at this radius x V = roj 

Assuming linear variation of vehKtly with depth in the 
gap ft. 

V u 

Shear stress r ■ — « *~ tor 
h h 

Viscous tenjuc on the clement 



— W — 



Fig. 1.7 



dfx ~ ror (2X*d>> 
n 

h 



Total torque f = J dl - 2«rdr 



ft 4 



T.'Wir' 

2 * 



1.17 A U-tube has two limbs of internal diameter 6 nun 
and 1 6 mm respectively and contains some water. _ 
Calculate U>e difference in water levels in the two 
limbs. Surface tension of water ■ &073 N'm. jk 



Solution.- Let ft ■ difference in water levels in the two 
' 1.15 If die surface tensiots ataif-watet interface is 0.073 - limbs. By assuming the angle of contact 9»0*, 
Sim. what is the pressure difference between inside _ / 2(J 2ff ^ 



and outside of an air bubble of diameter 01 mm 1 
Solution: An air bubble has only one surface. 
Hence 



A p a pgft 



ft x 998 *9.Sl =2 K 0.073 



l 



) 



la 



L3*l0" } Sxl0- 5 j 



ft = ?.l X 10 in * 3.1 mm 



2 X 0.073 



29.2 kPu 



292fX? Sim' 



hit If the surface tension at the soap-air interface is 
0.088 N/m, calculate the internal pressure in a soap 
bubble of 3 cm diameter. 

Solution: In a soap bubble, there are two interfaces. 
Hence 

_ 4ff _ 4 x .088 
K (fx !0 -i ; 
= 23.47 NVni 2 above atmospheric pressure " 



N O 
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1.13 Two coaxial cylinder* (0 cm and 9 75 cm m 
diameter and 13 cm high have both their end* open 
and have a viscous liquid filled in between. A 
torque of 1.2 N.ro is produced on the inner cylinder 
when the outer one rotates at 90 rpm. Determine the 
coefficient ol viscosity of the liquid (Relet 140. 




Fig. 1.8 



Solution; TillJprOlilt velocity 



, tiP.V »x 0.10x90 



R.iill;;! de-trance jt 



= 0.47',; nV« 
(10 00-9.75) 



em 



= 0.125 em or 0.00125 m 
du V 0.4712 



Velocity gradient y - J - {^25 

Shear sire** r 
Shear force PL 



U J-~377„ 



0.1 4805 -jU 



Thetefote 



t oi n S ^ 
= 377u«2itxi~xy~ | 

■ 2.%l/i 
Torque at F, * lever arm ■ f s r 
(OS) 

T «= 2.96! ju X ~ 

Bat Torque T - 1.2 N.m 
0.14805 ft « 1JI 

M 0.14805 



1.18 A clean lube of internal diameter 3 mm is immersed 
in a liquid with a coefficient of surface tension = 
4g Sim. The angle of contact of the liquid with 
the sia-is can be assumed w be 1 30' The density of 



the liquid is 1 3.600 kgto , What would be the level 
of the liquid in the tube relative to the free surface 
of the liquid outside the tube 

Solution: The liquid in the tube rises for falls I due to 
capiUanty. The capillar) rise (or fall) 

2<reosl? 



h = 



Here 



R m 



3 



mm 



1.5 x 10 1 rn 



0* !30". <r = 0.48 N/m 
r&pg m 13.6 X 10 J x9.81 

f, m 2x0M ' K . a "* lW . 
" (13.6 x I0 5 x 9.8Hx(!.5 x I0" 3 ) 
■ - 3.08 x MT 3 ra a -3.08 mm 



Therefore, there is a capillary depression of 3.08 mm. 
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1.19 Assuming that me interstices in a clay an- of .we 
equal to one tenth the mean diameter nf ihe f-rain. 






estimate the haghi to which waier will rise in a ela 
soil of average grain diameter 0.05 mm. Antra 
surface tension at air water interface as 0.073 N/tt 

Soh$tiOH! 

Diameter of pores «2S« 005 ntm 

H = O.OOtJ25 mm = 2,5 « 10"* m 

d/i s by assuming 0- ()' 
yR 

2 x 0073 


>• 
c 




mm 




■i 








■9 
^ 








■j 


■ 5.95 m 

- 1.27 f VTi-rm i r rt. mmm .. * . . 




: 








■9 

9 — 


™, _ K .^»r>u.sr iijvicasc rcqutrcu It) leduce 

Ute volume of water by ] .5%, if iu bulk modulus of 

.•S.n..,t, .. ■> 1 inS n.. 




* 


Solution: Let ^ a Volume or water 

Change m volume ■ dV = - ~~ y „ - 0.015 V 

- ^ -0.015 

increase in pressure = Ap = f - U" 
>i V f 
= 2 2 x 10" x 0.015 
■ 3.3 x I0 7 Pa 
- A3 x 10 4 kPa 




■ 


























— \ 
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18, Him in » pipeline at -I m in diameter b cimtrnik'd by a circular gait. Hm «p graviH 
of the fluid h 0.'». I he pre**urc at the centre of gate iv 1X0 kN/m". Kind til total. 
pressure force fta the gate and (It the depth of centre of pressure from the free 
Mrtksc. 




Gait 



J. ^ 
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A concrete culvert that contains water is 2.0 m in diameter. Determine the forces exerted on the portion 
labeled A-B in Figure 2.18 if the culvert is filled halfway. Determine also the location of the forces. 
Culvert length (into the paper) from joint to join! is 2.5 m. 




- FIGURE 2.1 8 Cross section of a half-filled culvert 



q\ iKe jjti&aoM hue. 



3>0 $ 



? r 0, 



^5- 



3"£ 



3 X 
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When the culvert described in Example 2.9 was installed and still empty, it was buried halfway in mud 
(Figure 2.19 ). Determine the forces acting on half the submerged portion, assuming that the mud has a 
density equal to that of water. 













•L J 























IT j 



FIGURE 2.19 A partially submerged culvert. 
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Gate AB in Fig. 5-13a is a quarter circle 8 ft wide into the paper. Find the force F just sufficient to prevent 
rotation about hinge B. Neglect the weight of the gate. 




F1«. 5-13<a) 



P u 




f — — 




5±£ 



3*T 



Li? ^ cnV 



7*T- 



3: f~a?3nXui3<o 



tZ.230 lb" 



ST250 lb 



r 
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front. .<%>*>^ Sfi ft^ife t_ 



Water i 



T 

4m- 

1- 



a 3 g K A> 



1m 



1 1m 



£ ri! 



V 



fr 




4 — H- 



fTL -r- Vy — Vx, -i — 
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A spherical buoy has a diameter of 1 .5 m, weighs 8.50 kN, and 
is anchored to the seafloor with a cable as is shown in Fig. 
E2.10a. Although the buoy normally floats on the surface, at 
certain times the water depth increases so that the buoy is com- 
pletely immersed as illustrated. For this condition what is the 
tension of the cable? itJJ icn/vn 1 



Date 



Seawater 




Cable 



to) 




T% 0^*5 ) - (o 9 g<Tp rf-te*)-. ^^3^V 



4 tocrcuty 4 Specific §0&ti% l^? £7 7 ? 



I 




e 
f 
f 
f 

f 



3 0^44 
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ad/on Uf> IpjuefusycH fiaTc-p }>?/*r 4 tf/ler~ 



fyie}* cej?h<f ApJtfl/- \> c)(t£wd as fhf. dhhcne* hp/u/e-^ 





/ 






V ' ^ ' M a 


Ae- 


j i 1L 1 

















'Sc^Vc aw^vi* J 






^c^<^ shM* 
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rev 




"3 3 



Q Find irk bo^j. £ULto ^ fcjj, u^jg/f 
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3.90 A 90° inverted cone contains water as shown. Tlie volume 
of the water in the cone is given by ¥ = (tt/3)/! 3 . The original 
depth of the water is 10 cm. A block with a volume of 200 cm 3 
and a specific gravity of 0.6 is floated in the water. What will be 
the change (in cm) in water surface height in the cone? 



PROBLEM 3.90 




6q j 



0j,6 - S\\^Y 



1* 



l & j 1 L ft c 
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Example 4.4. A metallic cube 30 cm side and weighing 4S0N is lowered into a tank containing 
-a rwo-fluid layer of water and mercury. Determine 
the position of block at mercury-water interface 
when it has reached equilibrium. 





Water 
30cm 


Mercury 


T 

4^ — 


J_ 


T h, 

jL" 
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A prismatic object 8 in thick by 8 in wide by 16 in long is weighed in water at a depth of 20 in and found to 
weigh 11.0 lb. What is its weight in air and its specific gravity? 



r = n.o lb 



-\g ' — 




... - L-j 
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4.38 The closed tank shown, which is full of liquid, is acceler- 
ated downward at Ig and to the right at ig. Here L = 2.5 m, 
H — 3 m,and the liquid has a specific gravity of 1.3. Determine" 

p c -p A mApg~p A . 



wjcl 



mA t >' t-'-o 



Liflttid 
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4.41 This closed tank, which is 4 ft in diameter, is filled with 
water ()(= 62.4 Ibm/ft )and is spun around its vertical cent- 
roidal axis at a rate of Kjjrad/s. An open piezometer is con- 
nected to the tank as shown so that it is also rotating with the 
tank. For these conditions, what is the pressure at the center of ■ 
the bottom of the tank? 



« 4 ft « 


ameter 











ft. 



6 in 
12 in 



1\ 
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4.50 Water stands in these tubes as shown when no rotation oc- 
curs. Derive a formula for the angular speed at which water will 

just begin to spill out of the small tube when the entire system is 

rotated about axis A A. JS gjf&rf* uJ clJ SLl 



PROBLEM 4.50 
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Static pressure tap 




\J 



y Sketch: 



§ 



EXAMPLE 4.9 PITOT TUBE APPLICATION WITH 
PRESSURE GAGE 

A differential pressure gage is connected across the taps of a 
Pitot-static tube. When this Pitot-static tube is used in a wind 
tunnel test, the gage indicates a Ap of 730 Pa. What is the air 
velocity in the tunnel? The pressure and temperature in the 
runnel are 98 kPa absolute and 20°C, respectively. 



P = 98 kPa 

1 = 

T= 20°C 




■ j 


3 



Assumptions: 

1 . Airflow is steady. 

2. Pitot-tube equation applicable. 
Properties: Table A.2, R air = 287 J/kg K. 



Problem Definition 

Situation: Differential pressure gage attached to Pitot-static 
tube for velocity measurement in wind tunnel. 
Find: Air velocity (in m/s). 



Plan 

1. Using the ideal gas law, calculate air density. 

2. Using the Pitot-static tube equation, calculate the velocity. 

Solution 

1 . Density calculation: 

P = 2- = 98X 10 3 N/m 2 _ 3 

RT (287 J/kgK)x(20 + 273 K) ' 7kg/m 

2. Pitot-static tube equation with differential pressure gage: 

V = V(2x730 N/m 2 )/(1.17kg/m 3 ) =[3Tw7| 
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EXAMPLE 4.1 .EVALUATING ACCELERATION IN 
A NOZZLE 

A nozzle is designed such that the velocity in the nozzle 
varies as 



u(x) ■■ 



i 

*~ 

|_ 

5_ 
I 

r 

r~ 
i — 



l.O-O.Sx/i 

where the velocity » is the entrance velocity and L is the nozzle 
length. The entrance velocity is 10 m/s, and the length is 5 m 
The velocity is uniform across each section. Find the acceleration 
at the station halfway through the nozzle (x/L = 0.5 ). 

Problem Definition 

Situation: Given velocity distribution in a nozzle. 
Find: Acceleration at nozzle midpoint. 
Sketch: 



10 m/s 


X 


20 m/s 










- L , 





Assumptions: Flow field is quasi-one-dimensional 
(negligible velocity normal to nozzle centerline). 

Plan 

1. Select the pathline along the centerline of the nozzle. 

2. Evaluate the convective, local, and centripetal 
accelerations in Eq. (4.5). 

3. Calculate the acceleration. 
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EXAMPLE 4.2 APPLICATION OF EULER'S 
EQUATION TO ACCELERATION OF A FLUID 
A column water in a vertical tube is being accelerated by a 
piston in the vertical direction at 100 m/s 2 The depth of the 
water column is 10 cm. Find the gage pressure on the piston. 
The water density is 10 3 kg/m J . 

Problem Definition 

Situation: A column of water is being accelerated by a piston. 

Find: The gage pressure on the piston. 

Sketch: 



Date 



No. 



-© 



Assumptions: 

1 . Acceleration is constant. 

2. Viscous effects are unimportant. 

3. Water is incompressible. 
Properties: p = 10 3 kg/fa 



Plan 

I I. Apply Euler's equation, Eq. (4.8), in the z-direction. 

2. Integrate equation and apply limits at sections 1 and 2. 
! 3. Set pressure equal to zero (gage pressure) at cross-section 
2 (atmosphere). 

4. Calculate the pressure on piston (cross-section I). 

Solution 

1 . Because the acceleration is constant there is no 
dependence on time so the partial derivative in Euler's 
equation can be replaced by an ordinary derivative. 
Euler's equation in z-direction: 

4-(P + "V 2 ) = ~P a z 
az 

2. Integration between sections 1 and 2: 

I 3(p + yz) = I (-po.)cfe 



(Pi + yzJ-ipi + yz ] ) = -pa r (z 2 -z,) 

3. Substitution of limits: 

p t = (y + pa z )&z= p(g + a,)A: 

4. Evaluation of pressure: 

p x = 10 3 kg/m 3 x (9.81 + 100) m/s 2 x 0.1 m 
p, =|l0.9xl0 3 Pa=10.9kPa, gagej 
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EXAMPLE 43 PRESSURE IN A DECELERATING 
I A INK OF LIQUID 

The tank on a trailer truck is filled completely with gasoline, 
which has a specific weig ht of 42 lbf/ft 3 (6.60 kN/m 3 ). The 
truck is decelerating at a rate of 1 ft/s 2 (3.05 m/s 2 ). 

a. If the tank on the trailer is 20 ft (6.1 m) long and if the 
pressure at the top rear end of the tank is atmospheric, what is 
the pressure at the top front? 

b. If the tank is 6 ft (1.83 m) high, what is the maximum 
pressure in the tank? 



Problem Definition 

Situation : Decelerating tank of gasoline with pressure equal to 
zero gage at top rear end. 

Find: 

1 . Pressure (psfg and kPa, gage) at top front of tank. 

2. Maximum pressure (psfg and kPa, gage) in tank. 
Assumptions: 

1 . Deceleration is constant. 

2. Gasoline is incompressible. 
Properties: y = 42 lbf/ft 3 (6.60 kN/m 3 ) 



1. Apply Eulcr's equation, Eq. (4.8), along top" of tank. 
Elevation, z, is constant. 

2. Evaluate pressure at top front. 

3. Maximum pressure will be at front bottom. Apply Euler's 
equation from top to bottom at front of tank. 

4. Using result from step 2, evaluate pressure at front bottom. 

Solution 

1 . Euler's equation along the top of the tank 



d( 



-pat 



Integration from back (1) to front (2) 



C" 

r~ 

•r 
S-- 

i 



Sketch: 




2. Evaluation of/?, with />, = 



Pi 



42 lbf/ft 
32.2 ft/s 



- x (-10 ft/s") x 20 ft 



=f261 psfg 



In SI units 



6.60 kN/m , , ,2, , , 
— I x (-3.05 m/s ) x 6.1 m 

V 9.81 m/s J 



= |12.5 kPa,gage| 

3. Euler's equation in vertical direction 

d . 
ax 

4. For vertical direction, a : = 0. Integration from top of tank 
(2) to bottom (3): 

Pi + 7^2 = Pj + 

=/>2 + 7(-2- z 3) 

p y = 261 lbf/ft 2 + 42 lbf/ft 3 x 6 ft = [lT3~psfg] 
In SI units 

p 3 = 12.5 kN/m 2 + 6.6 kN/m 3 x 1 .83 m 



Pi =|24.6 kPa, gage 
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EXAMPLE 4.4 SURFACE PROFILE OF 
ROTATING LIQUID 

A cylindrical tank of liquid shown in the figure is rotating as a 
solid body at a rate of 4 rad/s. The tank diameter is 0.5 m. 
The line AA depicts the liquid surface before rotation, and the 
line A' A' shows the surface profile after rotation has been 
established. Find the elevation difference between the liquid 
at the center and the wall during rotation. 



Sketch: 



cj_^ w = 4 rad/s 





\z (vertical) 1 

©,. 







I 



Problem Definition 

Situation: Liquid rotating in a cylindrical tank. 

Find: Elevation difference (in meters) between liquid at 

center and at the wall. 

Assumptions: Fluid is incompressible. 

Plan 

Pressure at liquid surface is constant (atmospheric). 

1 . Apply equation for pressure variation in rotating flow, Eq. 
(4.13a), between points 1 and 2. 

2. Evaluate elevation difference. 

Solution 

1. Equation (4.13a) applied between points 1 and 2. 

*, 2 2 J 2 

i £i+z -ZIl=*2.+ Zl -m 



The pressure at both points is atmospheric, so = p 2 and the 

pressure terms cancel out. At point 1, r, =0, and at point 2. 

)• = r 2 . The equation reduces to 

2 2 

2g 

2 2 

= IT 

2. Evaluation of elevation difference: 

2 2 
_ (4rad's)~x(0.25 m) 
Z 2 — z, — 5 
2x9.81 m/s 

=[o. OSl m or 5.1 cm j 

Review 

Notice that the surface profile is parabolic. 



EXAMPLE 4.5 ROTATING MANOME1 ER TUBE 
When the U-tube is not rotated, the water stands in the tube as 
shown. If the tube is rotated about the eccentric axis at a rate 
of 8 rad/s. what are the new levels of water in the tube? 

Problem Definition 

Situation: Manometer tube is rotated around an eccentric axis. 
Find: Levels of water in each leg. 
Assumptions: Liquid is incompressible. 
Sketch: 



r 

.8 cm 

L 



© 



© 



-36< 



1 



1 . Apply the equation for pressure variation in rotating flows, ■ 
Eq. (4.13a), to evaluate difference in elevation in each leg. 

2. Using constraint of total liquid length, find the level in 
each leg. 

Solution 

1 . Application of Eq. (4. 13a) between top of leg on left (1) 
and on right (2): 



2g 



(8 rad/s) 2 



-(0.36 2 m 2 -0.18 2 m 2 ) = 0.317 m 



2x9.81 m/s" 

2. The sum of the heights in each leg is 36 cm. 

z, + z, = 0.36 m 

Solution for the leg heights: 

z, = 0.338 m 

2, = 0.022 m 
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EXAMPLE 4.6 VELOCITY IN A VENTURI SECTION 

Piezomelric tubes are tapped into a venturi section as shown 
in the figure. The liquid is incompressible. The upstream 
piezometric head is 1 m, and the piezometric head at the 
throat is 0.5 m. The velocity in the throat section is twice 
large as in the approach section. Find the velocity in the throat j 
section. 

Sketch: 




Problem Definition 

Situation: Incompressible flow in venturi section. Piezometric 
heads and velocity ratio given. 

Find: Velocity (in m/s) in venturi section. 

Assumptions: Viscosity effects are negligible, and the 
Bernoulli equation is applicable. 



Plan 

1. Write out the Bernoulli equation, Eq. (4.18b), 
incorporating velocity ratio and solve for throat velocity. 

2. Substitute in piezometric heads to calculate throat 
velocity. 

Solution 

1. The Bernoulli equation with V 2 = 2K, gives 



r 2 -v\ 

2g 



-in 

2g 



2. Substitution of values and velocity calculation: 



V 2 = 2 px9.81 m/ s '(l -0.5) m 



= 13.62 m/s 



Review 

A piezometric tube could not be used to measure the 
piezometric head if the pressure anywhere in the line were 
subatmospheric. In this case, pressure gages or manometers 
would have to be used. 
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EXAMPLE 4.7 OUTLET VELOCITY FROM 
DRAINING TANK 

A open tank filled with water and drains through a port at the 
bottom of the tank. The elevation of the water in the tank is 
10 m above the drain. The drain port is at atmospheric 
pressure. Find the velocity of the liquid in the drain port. 

Problem Definition 

Situation: Tank draining through port at bottom. 
Find: Velocity (in m/s) in drain port. 



Sketch: 



r © 




i 

! 
\ 








1 








1 ' 


\ 

\ 


i 


® 




, /r 




jstreamline * 



Assumptions: 

1 . Flow is steady. 

2. Viscous effects are unimportant. 

3. Velocity at liquid surface is much less than velocity in 
drain port. 

Plan 

Since the flow is steady and viscous effects are unimportant, 
the Bernoulli equation is applicable along a streamline. The 
streamline chosen is shown in the sketch with point 1 at the 
liquid surface and point 2 at the drain port. 

1 . Apply the Bernoulli equation, Eq. (4. 1 8b), between points 
1 and 2. 

2. Reduce the equation to yield velocity in drain port. 

3. Calculate velocity. 

Solution 

1 . The Bernoulli equation between points 1 and 2 on 
streamline: 

y 1 2g 7 2 S 
2 The pressure at the outlet and the tank surface are the same 
- (atmospheric), so p, = p 7 . The velocity aUhe tank surface is 
much less than in the drain port so V 2 » K, . Solution for V 2 : 



2g 



V 2 = Jlg(z x -z 2 ) 

3. Velocity calculation: 

V, = 72x9.81 m/s 2 x 10 m 



14 m/s 



EXAMPLE 4.10 EVALUATION OF ROTATION OF 
VELOCITY FIELD 

The vector V= \0xi - lO.vj represents a two-dimensional 
velocity field. Is the flow irrotational? 

Problem Definition 
Situation: Velocity field given. 
Find: If flow is irrotational. 



Review 

1 . Notice that the answer is independent of liquid properties. 
This would be true for all liquids so long as viscous effects 
are unimportant. Also note that the same velocity would 
be calculated for an object dropped from the same 
elevation as the liquid in the tank. 

2. Selection of point 1 is not critical; it can be taken at any 
point on liquid surface. 

3. The assumption of the small velocity at the liquid surface 
is generally valid, it will be shown in Chapter 5 that the 
ratio of the velocity at the liquid surface to the drain port 
velocity is 

K, = Aj 
V 2 At 

where A 2 is the cross-sectional area of the drain port and 
A t is the" cross-sectional area of the tank. For example 
with A 2 /A x — 0.1 , v\ = 0.01 Fj. 



Plan 

Flow is two-dimensional, so w = and — = 0. Use 
Eq. (4.30a) to evaluate rotationality. 

Solution 

Velocity components and derivatives 

^ = 



lOx 
-lOy 



Sx 



Thus flow is irrotational. 
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EXAMPLE 4.11 ROTATION OI A FLUID ELEMENT 

A fluid exists between stationary and moving parallel flat plates, 
and the velocity is linear as shown. The distance between the 
plates is 1 cm, and the upper plate moves at 2 cm/'s. Find the 
amount of rotation that the fluid element located at 0.5 cm will 
undergo after it has traveled a distance of 1 cm. 

Sketch: 



V = 2 cm/s 


\ 

1 cm 

I 









Problem Definition 

Situation: Flow between moving, parallel, flat plates. 
Find: Rotation of fluid element at midpoint after traveling 1 cm. 

Assumptions: Planar flow (w = Oand — = 0). 

oz 

Plan 

1. Use Eq. (4.28a) to evaluate rotational rate with v = 0. 



Date 

2. Find time for element to travel 1 cm. 

3. Calculate amount of rotation. 



Solution 

1. Velocity distribution 

u = 0.02 m/s x 
Rotational rate 



No. 



0.01 m 



2v(l/s) 



2. Time to travel 1 cm: 

v = 2 (1/s) x 0.005 m = 0.01 m/s 



At 



Ax _ 0.01 m 



Is 



u 0.01 m/s 
3. Amount of rotation 

AO = fl.x At = -1 x 1 = -1 rad 

Review 

Note that the rotation is negative (in clockwise direction). 



EXAMPLE 4,12 VELOCITY AND PRESSURE 
DISTRIBUTION IN A FREE VORTEX 

A free vortex in air rotates in a horizontal plane and has a 
velocity of 40 m/ s at a radius of 4 km from the vortex center. 
Find the velocity at 10 km from the center and the pressure 
difference between the two locations. The airdensity is 1 .2 kg/m 3 . 

Problem Definition 

Situation: Free vortex in horizontal plane. 
Find: 

1 . Velocity (in m/s) 10 km from center. 

2. Pressure difference (Pa) between two radii. 
Assumptions: Flow is incompressible and steady. 
Properties: p = 1.2 kg/m 3 . 

Plan 

1. Apply Eq. (4.34) to calculate velocity. 

2. Since flow is irrotalional, use the Bernoulli equation, Eq. 
(4.40). for pressure difference. 



Solution 

1 . Velocity distribution 



V = 



V, 



1 0km . 



'4km 



V 



= 0.4 

4km ' 10km 

K, 0km = 0.4x40 



=|T?m77| 

2. The Bernoulli equation for a horizontal plane 

i „L«22 _ „ . y 10km 
P4km + P-J />I0km + P— — 

Pl0km-P4km = 2' *** ~ ^I0km) 

= ^^(40 2 - 16 : )(m/s) 2 



(806 Pa i 
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EXAMPLE 4.13 PRESSURE DIFFERENCE 
IN TORNADO 

Assume that a tornado is modeled as the combination of a 
forced and a free vortex. The maximum wind speed in the 
tornado is 150 mph. What is the pressure difference, in inches 
of mercury, between the center and the outer edge of the 
tornado? The density of the air is 0.075 lbm/ ft 3 . 

Problem Definition 

Situation: Tornado with 150 mph winds. 

Find: Pressure difference (inches Hg) between center and 

edge. 

Assumptions: Tornado modeled as forced and free vortex. 
Properties: p = 0.075 lbm/ft 3 . 

Plan 

1 . Use Eq. (4.49) to calculate pressure difference. 

2. Convert result to inches Hg. 



Date 



Solution 

1 . Convert velocity to ft/ s: 



No. 



I 



hr 



mi 5280 ft 
150 hr mi 3600 s 



= 220 



ft 



Convert density to slug/ ft': 

.lbm . . slug 



0.075 1 



ft J 



- 0.00233^ 
32.2 lbm ft 3 



Pressure difference 

Pi 'Pa = -pCmax) 



Pi -Pa 
2. Convert to inches Hg: 
Pi-Po 



-0.00233 ^Sx220 2 4 



= -1 12.8 psf 



4.4 In the system in the figure, the valve at C is gradually opened 
in such a way that a constant rate of increase in discharge is pro- 
duced. How would you classify the flow at B while the valve is be- 
ing opened? How would you classify the flow at Al 



I 



PROBLEM 4.4 





' 




■■ 




■ 















4.7 Consider flow in a straight conduit. The conduit is circular 
in cross section. Part of the conduit has a constant diameter, and 
" part has a diameter that changes with distance. Then, relative to 
flow in that conduit, correctly match the items in column A with 

- those in column B. 

A B 

Steady flow" dV/ds = mfrlrA 

Unsteadyflow dV/ds * R«M*ir**V- 

Uniformflow dV/dt = 

Nonuniform flow dV/dt * UV\J^»ft^f 
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4.11 At time t = 0, dye was injected at point A in a flow field of 

a ''quid. When the dye had been injected for 4 s, a pathline for a 

particle of dye that was emitted at the 4 s instant was started." 
\ The streakline at the end of 10 s is shown below. Assume that 
- the speed (but not the velocity) of flow is the same throughout" 
) the 10 s period. Draw the pathline of the particle that was emit- 

ted at / = 4 s. Make your own assumptions for any missing- 

J information. 



r 



Streakline 



PROBLEM 4.11 



4. 12 For a given hypothetical flow, the velocity from time I = 
to( = 5s was M - 2 m/s , v = 0. Then, from time t = 5 s to 

j l - 10 s, the velocity was u = +3 m/s, v = -4 m/s. A dye 
streak was started at a point in the flow field at time ( = 0, and 
the path of a particle in the fluid was also traced from that same 

- point starting at the same time. Draw to scale the streakline, path- 
line of the particle, and streamlines at time t = 10 s. 



4.18 Tests on a sphere are conducted in a wind tunnel at an air 
speed of U . The velocity of flow toward the sphere along the 
longitudinal axis is found to be u = -U (1 - r^/x 3 ), where r n 
is the radius of the sphere and.Y the distance from its center. De- 
- termine the acceleration of an air particle on the .v-axis upstream 
of the sphere in terms of x, r , and U . 





l-** — TV 



ST 



PROBLEM 4.18 



I'. 



mm 



4^- 
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4.20 The nozzle in the figure is shaped such that the velocity of 
flow varies linearly from the base of the nozzle to its tip. As- 
suming quasi-one-dimensional flow, what is the convective ac- 
celeration midway between the base and the tip if the velocity is 
1 ft/s at the base and 4 ft/s at the tip? Nozzle length is 18 
inches. 




PROBLEMS 4.20,4.21 



No. 



I 



4.21 In Prob. 4.20 the velocity varies linearly with time through- 
-out the nozzle. The velocity at the base is It (ft/s) and at the tip - 

is At (ft/s). What is the local acceleration midway along f 
. nozzle when / = 2 s? 



3* I 
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4.22 Liquid flows through this two-dimensional slot with a ve- 
locity of V = 2(g /b)(t/t ), where q„ and t are reference val- 
ues. What will be the local acceleration at x = IB and y = in 
terms of 5, t, /„, and q$ 
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4.24 The velocity of water flow in the nozzle shown is given by 
the following expression: 

V= 2//(l -0.5.r//.) 2 , 
where V = velocity in feet per second,/ = tune in seconds, .v = dis- > 
tance along the nozzle, and L ~ length of nozzle = 4 ft. When 
x = 0.51 and I = 3 s, what is the local acceleration along the cen- 
terlinc? What is the convective acceleration? Assume quasi- 
one-dimcnsional flow prevails. 



1 ft diameter 



6V 



3v 



JLk- 



'?0 



6x' 




PROBLEM 4.24 



•4+- 



4 16 Figure 4 24 on p. 1 1 shows the flow pattern for now past a " 

circular cylinder. Assume that the approach velocity at /) is con- 

stant (does not vary with time). 

a Is the How past the cylinder steady or unsteady.' 

b. Is this a case of one-dimensional, two-dimensional, or three- 
dimensional flow? , ,. •„ 

c Are there any regions of the How where local acceleration is 
' present? If so, show where they are and show vectors repre- 
senting the local acceleration in the regions where it occurs. 

d Are there any regions of flow where convective acceleration 
' is present? If so, show vectors representing the convective 
acceleration in the regions where it occurs. 



a* \fttq\ ^tv/e fit d/satri fags 
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4.27 A pipe slopes upward in the direction of liquid 
V an § e oi 30 ° with the horizontal. What is Ihe pressu 



flow at ; 



pressure gradient 



in the flow direction along the pipe in terms of the specific 

fl T"" iflhe ' iqUid " deCele,iUi ^ ^celeratin, op- 
posite to flow direction) at a rate of 0.3g? 



rj fyj- f^ItT 9 } fjufrh,^ 




6L 



4u 



6L 



(it 



(it 



1 ?«-™f PrCSSUre Brad ' Cnt is rec J uired «° accelerate kerosene 
U> - U.8 1 ) vertically upward in a vertical pipe at a rate of 0.3 g? 



M -f v ^ 



3* 



3- 



0^ 
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4.29 The hypothetical liquid in the tube shown in the figure has 
zero viscosity and a specific weight of 10 kN/m 3 . If p B -p A is 
equal to 12 kPa, one can conclude that the liquid in the tube" 
is being accelerated (a) upward, (b) downward, or (c) neither: 
acceleration = 0. 



1 m 

I -J- 

PROBLEM 4.29 



4.30 If the piston and water (p = 62.4 Ibm/ft" (are accelerated 
upward at a rate of 0.5g, what will be the pressure at a depth of 
2 ft in the water column? 



3 ft 

L 



T 



Il4 1 — f»si1rWf yjfU&id 



PROBLEM 4.30 



5C 
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4.35 A liquid with a specific weight of 100 lbf/ft J is in the con- 
duit. This is a special kind of liquid that has zero viscosity. The 
— pressures at points A and B are 170 psf and 100 psf, respec- 
tively. Which one (or more) of the following conclusions can 
^P— one draw with certainty? (a) The velocity is in the positive £ di- 
_^ rection. (b) The velocity is in the negative ( direction, (c) The 
^9— acceleration is in the positive ( direction, (d) The acceleration is 



Date 



No. 



'A (jw 1 < p ^ 



dL 



in the negative C direction. 



9 
9 
9 

9 




5" 



to. 



PROBLEM 4.35 



^2 r *H43a --6 9 6 



9- 

9- 

9_ 

9_ 

9_ 

9_ 

9 

9 

*T 

9" 
9" 
9- 
9- 
•l 
9- 



.4.36 If the velocity varies linearly with distance through this wa- 

ter nozzle what is the pressure , gradient, dp/dx, halfway through A f 0^ x \ /?* 

the nozzle? (p = 62.4 lbm/ft 3 ). fc fl ( f+yZiC - f'<1„ 



80 ft/s 




*£ g - f ^ 



PROBLEM 4.36 
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4.42 A tank of liquid (S = 0.80)thatis 1 ft in diameter and 1 .0 ft 
high (h ~ 1 .0 ft) is rigidly fixed (as shown) to a rotating arm hav- 
ing a 2 ft radius. The arm rotates such that the speed at point A is 



Date 



No. 



A- X 



20 ft/s. If the pressure MA is 25 psf, what is the pressure at Wl |? -f- ^ ( J°fft ,J 
* — Diameter. — H \ % 

x 1 1 " 

L 




J 



PROBLEM 4.42 



1 *C^~^> 



»/5 



— 



4 45 A U-tube is rotated about one leg, as shown. Before being 

rotated the liquid in the tube fills 0.25 m of each leg. The length Q _p\f}*J r - /^C^ 

of the base of the U-tube is 0.5 m, and each leg is 0.5 m long. v ) T*^ 1 — £ 3 " ' c ' _ - 



What would be the maximum rotation rate (in rad/ s) to ensure 
that no liquid is expelled from the outer leg? 



^kfe *oAto m47i»0; 



6 y 



0.5 m 

PROBLEM 4.45 



w 
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4.54 A closed cylindrical tank of water (p = 1000 kg/m )is 
rotated about its horizontal axis as shown. The water inside the 
tank rotates with the tank ( V = raj ) . Derive an equation^ for 
dp/ dz along a verticai-radial line through the center of rotation. 
What is dp/dz along this line for z = -1 m, z = 0, and z = 
+1 m when w = 5 rad/s? Here z = at the axis. 



z (vertical) 




Er?d view 



Side view 

PROBLEMS 4.54, 4.55, 4.56 



I 



or 



3p . - ^-ift 



"I 



3 ' 



i-.V 



"3% 
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4.59 A water jet issues vertically from a nozzle, as shown. The 

| water velocity as it exits the nozzle is 20 ft/s. Calculate how: 

high h the jet will rise. (Hint: Apply the Bernoulli equation" 
along the centerline.) 



r 

r 
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4V 



is * *y 



PROBLEM 4.59 



*8 





(77 







airspeed. At an altitude of 10,000 ft, where the temperature is 
"23°F and the pressure is 10 psia, a pressure difference corre- - 
sponding to 10 in of water is measured. What is the airspeed? 



pi to! fabc ffu*fc*« 
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5.19 If the velocity in the cTianneroT Prob. 5.18 is given as 
u = 10[exp(v) - 1] m/s and the channel widthjsjjn, what is 



the discharge in the channel and what is the mean velocity? || 



_ ___Date_ 

Vertical depth = 1 m 



No. 



J 




? ? 



PROBLEM 5.18 
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5.23 The hypothetical water velocity in a V-shaped channel (see 
the accompanying figure) varies linearly with depth from zero 
at the bottom to maximum at the water surface. Determine the ~T \ < — 
discharge if the maximum velocity is 6 ft/s. 




PROBLEM 5.23 




3= W<W 



\_ ..... =M 



8 



urn 
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5.44 Both pistons are moving to the left, but piston A has a speed 
twice as great as that of piston ft Then the water level m the tank ^ 
is (a) rising, (b) not moving up or down, or (c) tailing? 



Date 



Diameter = 3 in 



Diameter = 6 in 



TT 




PROBLEM 5.44 



d ^ 



No. 
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5.105 The velocity components of a flow fiett 
v -a 

B = ; — V = — ■ 

Is continuity satisfied? Is the flow irrotational 


are given by : 
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EXAMPLE 5.1 VOLUME FLOW RATE AND 
MEAN VELOCITY 

Air that has amass density of 1 .24kg/m 3 (0.00241 slugs/ ft 3 ) 
flows in a pipe with a diameter of 30 cm (0.984 ft) at a mass rate 
of flow of 3 kg/ s (0.206 slugs/ s). What are the mean velocity 
and discharge in this pipe for both systems of units? 

Problem Definition 

Situation: Airflow in pipe with 30 cm diameter at 3 kg/ s. 
. Find: 

1. Discharge (mv's and ft'Vs). 

2. Mean velocity (m/s and ft/ s). 

Assumptions: Properties are uniformly distributed across 
section. \ / 

Properties: p = 1.24 kg/m 3 (0.00241 slugs/ ft 3 ). 

Plan ■ 

1. Find the volume flow rate using the volume flow rate 
eq uation, Eq . (5-5). 



i 2. Calculate the mean velocity using Eq. (5.3). 
f 

I Solution 

{ I. Discharge: 

Q = 'h = 3 k s /s 

P i.24kg/m 3 



2.42 m /s 



e = 2.42m 3 /sx' 3531fti 



1 m / 



85.5 cfs 



2. Mean velocity 



2.42 m'/s 
(|ir)x (0.30 m) 2 



34.2 m/s 



C = 34.2 m/s X 



1 ft 



0.3048 m 



112 



ft/s| 



EXAMPLE 5.2 FLOW UN SLOPING CHANNEL 
Water flows in a channel that has a slope of 30°. If the 
velocity is assumed to be constant, 12 m/s, and if a depth of 
60 cm is measured along a vertical line, what is the discharge 
per meter of width of the channel? 

Sketch: <! - ■• 



Find: Discharge per meter width (mr/ s). 

| Assumptions: Velocity is uniformly distributed across 

| channel. 

I ., 
Plan 

Use Eq. (5.7) with area based on 1 meter width. 



J Solution 



3 




Q=V-A = VcosWxA 
= 12 m/s x cos30° x 0.6 m 



6.24 m /s per meter 



Review 



The discharge per unit width is usually designated as g. 



Problem Definition 

Situation: Channel slope of 30°. Velocity is 12 m/s and 
vertical dept h is 60 cm. „..., rm ,i„ l ,- n / : 



EXAMPLE 5.3 DISCHARGE IN CHANNEL WITH 
NON-U Nl FORM V BLOC IT V DISTRIBUTION 
The water velocity in the channel shown in the accompanying 
figure has a distribution across the vertical section equal to 
"/"mm = O'/d)'' 2 - wlj at < s ,!le discharge in the channel if 
the water is 2 m deep (d = 2 m), the channel is 5 m wide, and 
the maximum velocity is 3 m/ s? 

Problem BefinUhin 

Situation: Water flows in a 2 m by 5 m channel with a given 
velocity distribution. 
Find: Discharge (in mVs). 
Sketch: 



1 Plan 

| Find the discharge by using Eq. (5.2). 

Solution . 
Discharge equation 



1 



(?) ■ 



ii dA 



Channel is 5 m wide, so differential area is dA m 5dy. Using 
given velocity distribution, 



Q J 

Jo 
5u„ 



(y/d) V2 5dy 



\y m 'fy 



5a 



max ^. 3/2 



d ul ?" 
.1/2 X 3 



x2 J 



120 m/s 
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EXAMPLE 5.6 WATER LEVEL DROP RATE- ftv 
•J DRAINING TANK , . / 

A 1 cm jet of water issues from a 1 m diameter tank. 

- Assume that the velocity in the jet is JIgJi m/s where h is 
the elevation of the water surface above the outlet jet. How 

- long will it take for the water surface in the tank to drop from 
>h = 2mto^= 0.50 m? 

Problem Definition 
*L. Situation: Water drainingby a 1 cm jet from 1 m diameter tank. 
Find: Time (in seconds) to drain from depth of 2 m to 0.5 m. 

- Sketch: 



T 




* Inlet mass flow rate with no inflow is 

2>/ = o 

> Outlet mass flow rate 

Substitution of terms in continuity equation: 
d(pA T h) 



-j2g~hA 1 

3. Equation for elapsed time: 
* Separating variables 



dh 



JTgA-.Jh 



or 



dt 

a dh 

1 At— 

T dt 



dt = -d^-h- 112 



dh 



The control selected is shown in the sketch. The control 
surface is located at and moves with the water surface. Water 
crosses control surface al location 1 . 

1. Apply the continuity equation, Eq. (5.25). 

2. Analyze term by term. 

3. Solve the equation lor elapsed time. 

4. Calculate time to change levels 

Solmfan 

1. Continuity equation 

d V - V • 

, m m + 2^ m u - ]L m i - 



dt 

2. Term-by-tenn analysis 
• Accumulation rate term 

°= pA , dh 

dm„ . dh 
~d, " VA \I, 

where A-, is cross-sectional area of tank. 



Integrating 



-2A, 
■JTgA, 



-//- + (■ 



Substituting in initial condition, h(0) = h a . and tinal 
condition, h(l) = h f , and solving for time 

2A 7 



t = 



(h -h f ) 



j2gA { 
4. Time calculation: 

« Evaluating tank and outlet areas 



A, = -(0.10 m) 2 



^O.Olgjr 



Elapsed time 



2(Tr/4)m 2 



= [31.9 s 



X9.81 m/s (ir/4 X 0.01 m 2 ) 



(Jlm-jO.S m) 
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EXAMPLE 5.8 VELOCITY IN A VARIABLE-AREA PiPE 
A 120 cm pipe is in series with a 60 cm pipe. The speed of the 
water in the 120 cm pipe is 2 m/s. What is the water speed in 
the 60 cm pipe? 

Problem Definition 

Situation: Two pipes connected in series. 
Find: Velocity in 60 cm pipe. 
Sketch: 



Plan 



i Flow rate is the same for each section, O 12 o - 260- Use E 1- 
(5.27) to calculate velocity in the 60 cm pipe. 



I Solution 



Equation (5.27) for F 6 



Calculation for \ 



MS' 



(60 cm) 




9_ 



EXAMPLE 5.9 WATER FLOW THROUGH A 
VENTURIMETER 

Water with a density of 1000 kg/m 3 flows through a vertical 
venturimeter as shown. A pressure gage is connected across 
two taps in the pipe (station 1) and the throat (station 2). The 
area ratio A^,/ A pisK is 0.5. The velocity in the pipe is 10 
m/s. Find the pressure difference recorded by the pressure 
"age. Assume the flow has a uniform velocity distribution 
and that viscous effects are not important. 

Problem Definition 

Situation: Water flow in venturimeter with gage connected 
between upstream and throat. Area ratio is 0.5 and pipe 
velocity is 10 m/s. 

Find: Pressure difference measured by gage. 
Assumptions: 

1. Velocity distribution is uniform. 

2. Viscous effects are unimportant. 

Properties: p = 1000 kg/m 3 . 
Sketch: 




■9 
■3 



:■!;!!! 



1 . Since viscous effects unimportant, apply the Bernoulli 
equation between stations 1 and 2. 

2. Find mean velocity at station 2 by applying Eq. (5.27), and 
develop the equation for piezometric pressure. 

3. Find the pressure on the gage by applying the hydrostatic 
equation, Eq. (3.7a). 



1. The Bernoulli equation 



Vt 



Rewrite the equation in terms of piezometric pressure. 



2 \.Vt 



2. Continuity equation V 2 /V\ = A ] /A I 



= IMJ^xOOm/sfx^-l) 



= 150 kPa 

3. Gage is located at zero elevation. Apply hydrostatic 
equation through static fluid in gage line between gage 
attachment point where the pressure is p g _ and station 1 
where the gage line is tapped into the pipe, 

»•: HTH •> 

Also p.^ = p g so 

*a = n -p„=p- -p. =(l50kPa| 
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EXAMPLE 5.10 APPLICATION OF DIFFERENTIAL 
FORM OF CONTINUITY EQUATION 
The expression V = 1 0xi - 10>y is said to represent the 
velocity for a two-dimensional (planar) incompressible flow. 
Check to see if the continuity equation is satisfied. 

Problem Definition , 

Situation: Velocity field is given. 

Find: Determine if continuity equation is satisfied. 

Plan 

Reduce F.q. (5.33) to two-dimensional flow fw - and 
substitute velocity components into equation). 



Date No. 

Solution 

Continuity equation for two-dimensional flow 



du 


dv 


= 




dx 


dy' 




tt = lOx; 




du_ 
dx 


10 


v = -lOy; 




dv 
dy 


-ti 


du , dv _. 
dx dy 


10 


- 10 = 






Continuity is satisfied. 
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6.43 The gage pressure throughout the horizontal 90° pipe bend 
is 300 kPa. if the pipe diameter is 1 m and the water (at 10°C) 
flow rate is 10 m 3 /s, what .^-component of force must be ap- ' 
plied to the bend to hold it in place against the water action? 
















Q. 





n 



PROBLEMS 6.42, 6.43 




7\ 
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— i^W is moving along attack at a constant veloc.ty ot 5 m/s 
as sn0 wn. Water (p = 1000 kg/m W from a«*a. 

' m/s and is deflected through 180° by a vane on the cart The 

Soi^cUonat area of the nozzle fa 0.0012 ml Calculate the re- 

sistive force on the cart. 



Date 



No. 




521 



PROBLEM 6.86 
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r igure 6.7 

B Water hammer process. 

(a) Initial condition. 

(b) Condition during 
time < t < l/c. 

(c) Condition during time 
I L/c < l < 21/ c. 

(d) Condition during time 

^ 2L/c < t < 3L/c. 

(e) Condition during time 
| 3L/.C < t < 4L/c. 

(f) Condition at lime 
)~ 1 = 4L/c. 



r 
r 



l' = 



'J 



J. 



unn 



¥= 

-4- 



(c) 



□EE 



XI . 

t = o i 

, i f 



I 





V T 

^ j 
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6.97 The 60-cm pipe carries water (at !0°C) with an initial ve- 
locity, V , of 0.10 m/s. If the valve at C is instantaneously 
closed at time / = 0, what will the pressure-versus-rime trace 
look like at point B for the next 5 s? Graph your results and 

indicate significant quantitative relations or values from t ~ 
to t = 5 s. What does the pressure versus the position along the 
pipe look like at I = 1.5 s? Plot your results and indicate the ve- 
locity or velocities in the pipe. 



(Wr» f **- 



I 


Elevation * 10 m 


'■■ ' Water. 1 ■ 


- 4 



- i»oo * Op) + mi 
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EXAMPJ E6.1 i . ..j- RISE DUE TO WATER 
HAMMER EFFECT 

A rigid pipe leading from a reservoir is 3000 ft long, and 
water is flowing through it with a velocity of 4 ft/s. If the 
initial pressure at the downstream end is 40 psig, what 
maximum pressure will develop at the downstream end when 
a rapid-acting valve at that end is closed in 1 s? 

Problem Definition 

Situation: Water flowing in pipe and valve closed quickly. 

Find: Maximum pressure (psig) at downstream end. 

Assumptions: Water temperature is 60°F. 

Properties: From Table A.5, E v = 3.2 x 10 5 lbf/in 2 , and 
p - 1.94 slugs/ft 

Plan 

1. Calculate the speed of sound in the water from Eq. (6.23). 

2. Calculate the critical closure time, t c . 

3. Check to ensure that valve closure time is less than r c , 

4. Calculate pressure rise using Eq. (6. 19) and add initial 
pipe pressure. 



Solution 

1 . Calculation for sound speed: 



P- ,'320,000 lbf/in 2 x 144 in 2 /ft J 

*7 i 



1 .94 slugs/ft 

2. Calculation for critical closure time: 

.. t c 2L/c , 
: = 2(3000 ft/4874 ft/s) = 1.23 s 

3. Closure time of 1 s is less than 1 .23 s. 

4. Pressure rise calculation: 

, Ap = pVc 

= 1.94 slugs/ft 3 X 4 ft/s x 4874 ft/s 



■■ 4874 ft/s 



= 37,820 lbf/ft" 
Maximum pressure is 

Pm =40 + 263 



lft z 



144 in* 



- = 263 psi 



^303 



psigs 
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EXAMPLE 6.2 CONCRETE P LOWING I NTO CART 

As shown in the sketch, concrete flows into a cart sitting on a 
scale. The stream of concrete has a density of : 
S p = 150 lbm/ft 3 , an area of A = 1 ft 2 , and a speed of 

v = 1 ft/s. At the instant shown, the weight of the cart plus 

the concrete is 800 Ibf. Determine the tension in the cable and 

' — the weight recorded by the scale. Assume steady flow. 



Sketch: Density of concrete, p = 150 lbm/ft 




Frohiem Definition 

Situation: Concrete flowing into cart held by cable and 

mounted on a scale. 

Find: 

1 . Force (in lbf) on cable. 

2. Weight (in lbf) recorded on scale. 

Assumptions: The velocity of the concrete in the cart is zero. 



1 . Select a control volume that provides force on cable and 
weight on scale. ■ ■'■ J. ■ . 

2. Sketch the force diagram. 

3. Sketch the momentum diagram. 

4. Since this problem involves two directions, the 

component form of the momentum equations in the x- and 

2-directions, Eqs. (6.7a) and (6.7c), will be used. 

5. Evaluate forces from force diagram. . 

6. Evaluate momentum terms. 
7. Calculate tension in cable and weight on scale. 

Solution 

1. Control volume selected is shown on diagram. Control 
volume is stationary. 



_o u y_j 



_D__XL__ U_j 



2. Force diagram shows the tension in the cable and the 
weight on the scale. 

3. Momentum diagram shows only an inflow of momentum. 
Velocity of the concrete in the tank is neglected. 

4. Component momentum equations 

» Momentum equation in x-direction 



2>* = 1 1 'J>, P d¥+ 2> a v M - %mp h 



« Momentum equation in z-direction 



(a) 



(b) 



5. Forces from the force diagram 

)j\ ■ 1 
^F 2 = N-IV 

6. Evaluation of momentum terms 

« Momentum accumulation: v x — 0, v 2 = 0, so 

-i vndV=0,4\ v_pd¥=0. 
tit ' cv at lev 

»■ Momentum inflow 

y m t v jr = mvcos60° = pj4v 2 cos60° 

TwiV is m(-vsin60°) — -pAv sin60° 

cs 

*■ Momentum outflow: No outflow, so, 
^nj„v ra = 0, and ^7« v OI = 0. 

7. Evaluate tension in cable using (a). 
-f~ -p/iv 2 cos60° 

( slu 



32.2 lbm 



f= (150 lbm/ft )| 

= [233 lbf | 
Evaluate force on scale using (b). 
N- W= -(-p.4v 2 sin60°) 
N= W+ P Av 2 sia60° 



(1 ft )(10 ft/s) cos 60° 



= 800 lbf +403 lbf ={1200 lbf 



j Review 

1 . The weight recorded by the scale is larger than the weight 
of the cart because of the momentum carried by the fluid 
jet. 

2. Notice that unit conversions are usually needed when 
using English units. 

3. There will be some velocity in the cart due to mixing, but 
the momentum associated with those velocities would be 
insignificant, so the momentum accumulation term can be 
neglected. 

4. Answers are expressed with three significant figures. 
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EX'AMPLE 6.4 WATER DEFLECTED BV 4 VANE 

A water jet is deflected 60° by a stationary vane as shown in 
the figure. The incoming jet has a speed of 100 ft/ s and a 
diameter of 1 in. Find the force exerted by the jet on the vane. 
Neglect the influence of gravity. 

Sketch: 



r 

r 
h 
i- 



4. Use the vector form of momentum equation, Eq. (6.6). 

5. Evaluate force terms. 




Problem Definition 

Situation: Water deflected by a vane. 
Find: Force (lbf) on vane due to jet. 
Assumptions: 

1 . Viscous effects are negligible. 

2. Neglect gravitational effects. 

Properties: p = 62.4 Ibm/ft 3 = 1.94 slug/ft 3 . 
Plan 

From the Bernoulli equation, since the pressure is constant, 
the inlet and outlet speeds are the same. Also, from 
continuity, m % —thi ~— m. 

1 . Select a control volume such that the control surface 
includes the force on the vane and flux of momentum. 

2. Sketch the force diagram. 

3. Sketch the momentum diagram. 



6. Evaluation of momentum terms 

• Control volume is stationary, ^- | pvrfK=0 

atkv 

• Momentum outflow vector, 

Z. m o v o ~ [(mvcos60°)i-(mvsin60 <> )jj. 

cs 

' Momentum inflow vector, ^/«/V / — mvi. 

cs 

7. Mass flow rate 

m — pAv 

= (1.94 slug/ft')(irx 0.041 T ft 2 )(100 ft/s) 
= 1.06 slug/s 

8. Force 

-F,i - F j = (mv cos60° - mv)i - (mv sin60°)j 
For each component, 



6. Evaluate momentum terms 




7. Evaluate mass flow rate. 




8. Calculate force. 




Solution 




1 . The control volume selected 


is shown in the sketch. The 


control volume is stationary. 




f, y 
















\ 


\ 


FD 


MD 



2. The force diagram shows only the reaction force. 

3. The momentum diagram shows an inflow and outflow. 

4. Vector form of momentum equation. 

tjtjcy cs cs 



5. Force vector is 



F x — mv cos60° - mv 
—F = —mv sin60° 
Force in j-directton 

F x — my( 1 - cos60°) 

= (1.06 slug/s)(100 ft/s)(l - cos60°) 



= 53.0 lbf 



Force in ^'-direction 

F = mv sin60° 

= (1.06 slug/s)(100 ft/s)sin60° 
F v =J9L8]bfj 

The force of the jet on the vane (F jet ) is opposite in 
direction to the force required to hold the vane stationary 
(F). Therefore, 

F jet = (53.0 lbf)i + (91.8 lbf)j * 
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EXAMPLE 6.5 FORCE ON AN AX IS Y M METRIC 
VANE 

As shown in the figure, an incident jet of fluid with density p, 
speed v, and area A is deflected through an angle (} by a 
stationary, axisyinmetric vane. Find the force required to hold 
the vane stationary. Express the answer using p, v, A. and p. 
Neglect the influence of gravity. 
Sketch: Gravitational effects are negligible. 




Problem Definition 

Situation: Fluid deflected by axisymmetric vane. 
Find: Force required to hold vane stationary. 



Solution 

1. Control volume selected is shown. Control volume is 
stationary. 




2. The force diagram shows only one force. 

3. The momentum diagram shows one momentum flux in 
and one axisymmetric flux out. The net radial flux of 
momentum is zero, so only the component in the axial 
direction contributes to the momentum flux. 

4. Momentum equation in jr-direction. 



d 
dt) 



Date No. 



Assumptions: 

1 . Flow is steady. 

2. Fluid is incompressible. 

3. Viscous effects are negligible. 

Plan 

Because the pressure is constant, the Bernoulli equation 
shows the inlet and outlet speeds are the same. Application of 
the continuity equation shows the inlet and outlet mass flows 
are also the same. 

1 . Select a control volume with the constraining force on 
control surface. 

2. Sketch the force diagram. 

3. Sketch the momentum diagram. 

4. Apply the component form of the momentum equation in 
.v-direction, Eq. (6.7a). 

5. Evaluate force terms. 

6. Evaluate momentum terms. 

7. Calculate force. 



5 . Sum of forces 



Yf=-f 



6. Evaluation of momentum terms 

• Accumulation term for stationary control volume is 



d'th 



v x pd¥= 0. 



-mvcosp. 



» Momentum outflow is J V> V 6 

cs 

• Momentum inflow is y^m,v, = mv. 

cs 

7. Force on vane 

-F = -mv( 1 + cosP) 
F = m\>( 1 + cosjJ) 
Apply mass flow rate equation, m = pAv, 

| 2 1 

[£= pAv (1 + cosP)j 

and the direction of this force is to the left, as shown in the 
force diagram. 



1 



Review 

This type of reverse flow vane is used to reverse thrust on ^ 

aircraft engines. «•! 



i 
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EXAMPLE 6.6 FORCES ACT1 SC. ON A PIPE BEND 
"— A 1 m-diameter pipe bend shown in Ihe diagram is carrying 
crude oil (S = 0.94) with a steady flow rate of 2 mVs. The 
-_ bend has an angle of 30° and lies in a horizontal plane. The 
volume of oil in the bend is 1 .2 m 3 , and the empty weight of 
the bend is 4 kN. Assume the pressure along the centerline of 
the bend is constant with a value of 75 kPa gage. Find the net 
._ force required to hold the bend in place. 



Problem Definition 

Situation: Crude oil Hows through a 30" pipe bend. 
Find: Force (in kN) required to hold bend in place. 
Assumptions: Pressure is constant through bend. 
Properties: S oll * 0.94. 



- Plan 



From the continuity equation, the inlet and outlet mass flows 
are the same. 

1 . Select a control volume that accommodates the pressure 
forces and reaction forces at the flanges. 

2. Sketch the tbrce diagram. 

3. Sketch the momentum diagram. 

4. Use the vector form of the momentum equation, Fq. (6.6). 

5. Evaluate the sum of the forces. 

6. Evaluate the momentum terms. 

7. Calculate the reaction force. 

Solution 

1 . The control volume selected is shown. The control volume 
is stationary. The z-direction is outward from the page. 




2. The force diagram shows pressure forces and the 
component reaction forces. 

3. Vector form of momentum equation 

y f = — [ pv d¥ + y m„v„ - V m,v, 

4. Sum of the forces: The weight of the pipe and fluid therein 
is Wand acts in the negative z-direction. 

y F = (R x + pA -pA cos30° )i + (R v + pA sin30°)j 

+ (R. - W)k 



Date 



No. 



Sketch: 



1 




Bolted flange 






Flow 











5. Momentum terms 

• Accumulation term for stationary control volume is 



f pvd¥=0. 

:ntum outfli 
>" *6 = (mvcos30°)i-(mvsin30°)j. 



dtk 

Momentum outflow is 

V 



• Momentum inflow is ^^v, = (/»v)l. 
6. Reaction force 

(R, + pA ~pA cos30°)i + (R r + p/lsin30 o )j + (R.-W)k 
= i>nr( cos30- l)]i-(mvsin30°)j 

• Equating components 

R x +pA -pA cos30° = mv cos30° - mv 
S v + p/lsin30 o = -mvsin30° 
R. - W = 

• Pressure force 

pA = (75 kN/m 2 )(ir x 0.5 2 m 2 ) = 58.9 kN 
» Fluid speed 

(2 mVs) 



v = Q/A 



(irxO.5 m") 



2.55 m/s 



• Momentum flux 



mv = pQv = (0.94 x 1000 kg/m )(2 mVs)(2.55 m/s) 
= 4.79 kN 

Reaction force in .r-direction 

ft, = -(pA + mv)( l - cos30°) 

= -(58.9 + 4.79)(kN)(l-cos30°) - ttsTS] 

Reaction force in v-direction 

R v = -(pA + mv)sin30° 

= -(58.9 + 4.79)(kN)(sin30°) =[^£kN] 

Reaction force in z-direction. (The bend weight includes 
the oil plus the empty pipe). 

W- 7 4-' + 4 kN 

= (0.94x9.81 kN/m 3 )(1.2 m 3 ) + 4 kN = jjTTkNl 

Reaction force vector 

R = (-8.53 kN)i + (-31.8 kN)j + (15.1 kN)k 
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EXAMPLE 6.7 WATER FLOW THROUGH 
REDUCING BEND 

Water flows through a 180° reducing bend, as shown. The 
discharge is 0.25 m 3 /s, and the pressure at the center of the 
inlet section is 150 kPa gage. If the bend volume is 0.10 m 3 , 
and it is assumed that the Bernoulli equation is valid, what 
force is required to hold the bend in place? The metal in the 
bend weighs 500 N. The water density is 1000 kg/m 3 . The 
bend is in the vertical plane. 

Sketch: 




Problem Definition 

— Situation: Water flow through reducing bend. 

Find: Force (in newtons) required to hold bend in place. 

— Assumptions: 

1 . The Bernoulli equation is valid. 

2. Neglect pipe wall thickness. 

_ Properties: p = 1000 kg/m 3 . 

_ flan 

The flow is steady, so £>, = = Q. 

1 . Select control volume that encloses bend and the reaction 
force acts on the control surface. 

— 2. Sketch the force diagram. 

3. Sketch the momentum diagram. 

— 4. Apply the component form of the momentum equation in 

the x- and z-directions, Eqs. (6.7a) and (6.7c). 

— 5. Evaluate the force terms. 

6. Evaluate the momentum terms. 

— 7. Solve momentum equations for reaction forces. 
8. Calculate the inlet and outlet speed. 



9.Apply the Bernoulli equation to find the outlet pressure. 
1 0. Calculate the reaction force. 

Solution 

1 . The control volume selected is shown. The control volume 
is stationary. 




2. There are two forces due to pressure and a reaction force 
component in the x-direction, and there are weight and 
reaction forces component in the r-direction. 

3. There is inlet and outlet momentum flux in x-direclion 

4. Momentum equations in x- and z-directions 

= dt\ C v v * p d¥+ • x, " r - - y. 



V, 



5. Summation of forces in x- and z-directions 

Il^x ~P\ a \ + P1A2 + #i 



6. Evaluation of momentum terms 
* Accumulation terms, steady flow 

— f v pd¥ = 0, and 4 I v.pd¥ 
at I cv J dt l c v J 



0. 



Momentum outflow 

Y< v ax = »'K-v 2 ) = -pQv 2 , and y^m v O2 = 0. 

■ CS H ■ \ C S ''^ 

Momentum inflow 



; mv 



pQv t , and 2^m,v iz = 0. 
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) 7. Solution for reaction forces 

• x-direction 

1 p l A i + p 2 A 2 + R s = -peOv + v,) 

| R x = -(p^^p.A.J-pQivz + v,) 

• z-direction 

' fi. = W h + W f 

) 8. Iniet and outlet speeds 

r v, - Q - °' 25 mVs - 3.54 m/s 
A \ iT/4x0.3 2 m 2 

) C_ 0.25 mVs _, 415m/s 
f— A i ir/4x0.1S 2 m 2 

9. Outlet pressure (the Bernoulli equation between sections 1 
f and 2) 

1— (>v] P^2 

M P1+-Y+-YZI =P2+ — + 1 z 2 

^ From diagram, neglecting pipe wall thickness, 
| z, -z 2 = 0.325 m. 

L /> 2 =p, + p<v? ; V2) + ^,- 2 ) 

> =,50kPa + (IOO ° )(3 ^- 14 - 152)Pa 
i + (9810)(0.325)Pa 
| = 59.3 kPa 


10. Reaction force 

• Pressure forces \J 

p t A, + p 2 A 2 = ( 150 kPa)(ir x0.3 2 /4 m 2 ) 

+ (59.3 kPa)(ir x 0.15V4 m 2 ) 
= 11.6kN 

■ Momentum flux 

pQ(v 2 + V,) = (1000 kg/m 3 )(0.25 m 3 ) 
x( 14.15 + 3.54)(m/s) 
= 4420 N _ 

» Reaction force components 

« t = -(U.6kN)-(4.42kN) ~ 

=PT6lTkN] 
R : =W b+ W f 

= 500 N + (9810 N/m 3 )(0.1 m) — 
=(1.48 kNi 
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EXAM PI ,E 6,10 JET IMPINGING ON 
MOV ING BLOCK 

A stationary nozzle produces a water jet with a speed of 
50m/s and a cross-sectional area of 5 cm 2 . The jet strikes a 
moving block and is deflected 90° relative to the block. The 
block is sliding with a constant speed of 25 m/s on a surface 
with friction. The density of the water is 1000 kg/m 3 . Find 
the frictional force F acting on the block. 

Solve the problem using two different inertial reference 
frames: (a) the moving block and (b) the stationary nozzle. 

Sketch: 



I 8. 




Problem Definition 

Situation: Jet impinges on block moving at constant velocity. 
Find: The force (in newtons) on the block using 

(a) the block as the inertia! reference frame. 

(b) the nozzle as the inertial reference frame. 

Plan 

Two different inertial reference frames will be used. Case (a) 
will use the moving cart, which is a valid inertial frame 
because it moves at a constant velocity. Case (b) will use the 
stationary nozzle location. 

1. Select a control volume that moves with the block. 

2. Sketch the force diagram. 



Sketch the momentum diagram. 

Apply the component form of the momentum equation n . 
the .t-direction, Eq. (6.7a). 
Evaluate the sum of the forces. 

Evaluate the momentum terms using (a) the moving block 
and (b) the stationary nozzle as inertial reference frames. 
Evaluate mass flow rate. 
Calculate force on cart. 



Solution 

1 . The control volume selected is shown in the sketch. The 
control volume is not stationary. 





z m>2 




L. t 






ii _ — 


i IL :1 


F * t 




/V 




FD 


MD 



The force diagram shows one force in the horizontal 
direction. 

The momentum diagram shows an influx and outflux of 
momentum. 
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4. Momentum equation 



5. The sum of the forces 



V 



J 6. Evaluation of terms in momentum equation 
(a) Inertial reference frame on cart 

* d I 



' Momentum outflow for .t-component of velocity at 
station 2, v xa = v b , is 



V 



m o v o x = "J 



Accumulation term with v v = Ois — i v od£" = 
dt J cv ' y 

Momentum inflow for .r-eomponent of velocity at 
station I, v. = v.-v^is 



V 



Momentum outflow for jr-component of velocity at 
station 2, v„ = 0, is 



V 



o 



(b) Inertial reference frame at nozzle 
■ Accumulation term with v x = v h = constant, is 

• Momentum inflow for jr-component of velocity at 
station 1, v xi - Vj, is 

s wM. = mv. 



7. Mass flow rate. Since flow is steady with respect to the 
block, A,- = m = m. 

m = pA(Vj-v b ) 

8. Evaluate force. 

(a) Moving block as inertial reference frame 

-F = -p^(v y -v 4 ) 2 
F= pA(Vj-v b ) 2 

(b) Stationary nozzle as inertial reference frame 

-F = mv b - mvj = -m(Vj - v b ) 
F=pA{v f -v b ) 2 

Force on cart 

F t = (1000 kg/m 3 )(5 x 10~ 4 m J )(50 - 25) 2 (m/s) 2 
F x =f3I2Nj 



Review 

Note that the same answer for force is obtained independent 
of the inertial reference frame chosen. 



EXAMPLE 6.1 1 PROPELI ANT MASS RATIO FOR 
ACHIEVING ORBITAL. VELOCITY 

A single-stage rocket utilizing a liquid oxygen/kerosene 
propellant has a specific impulse of 3200 m/s. The orbital 
velocity for an earth satellite is 7600 m/s. What would be the 
ratio of propellant mass to total initial mass to achieve orbital 
velocity? 

Problem Definition 

Situation: Rocket launch to achieve orbital velocity. 
Kind: Ratio of propellent mass to initial mass. 

Plan 

1 . Use Eq. (6.18) to calculate initial/final mass ratio. 

2. Calculate the propellant/initial mass ratio using 
m p - m t - my. 



.Solution 

1. From Eq. (6.18) 



bo ' 



'P 



m 



•f 



exp 



I v ho ') f 7600 \ 

lri = ex n32oo, i 



m i _ 

m f -v 
2. Solve for propellant/initial mass ratio: 

m- m- 



10.7 



1 



= 1 - — =|0.906| 
10.7 ' J 



Review 

For single-stage rockets, a very large fraction of the initial 
mass must be propellant to achieve orbital speeds. For this 
reason, multi-stage rockets are used in space applications. 
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7.33 For this siphon the elevations at A, B, C, and D are 30 m, 
32 m, 27 m, and 26 m, respectively. The head loss between the_ 
inlet and point B is three-quarters o f the velocity head, and the 
head loss in the pipe itself between point S and the end of the 

"pipe is one-quarter of the velocity head. For these conditions," 

what is the discharge and what is the pressure at point B? The 
-pipe diameter = 25 cm. Assume a = 1.0 at all locations. 

7.34 For this system, point Bis 10m above the bottom of the upper 

- reservoir. The head loss from^l toB is 1 .8 V /2g, and the pipe area - 
is \0 A m 2 . Assume a constant discharge of 8 x 10 mVs. For 

- these conditions, what will be the depth of water in the upper res- . 
ervoir for which cavitation will begin at point 5? Vapor 
pressure = 1.23 kPa and atmospheric pressure = 100 kPa. As- 
sume n = 1.0 at allocations. 



, ^1 \ 
Water 
'/ = 2CPC 



Discharge (submerged 
, into Sower reservoir 



PROBLEMS 7.33. 7.34 
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7.35 In this system. d=6 in., D = 12 in., Az 1 = 6 ft. and 
Az = 12 ft The discharge of water in the system is 10 cfs. ls_ 
the" machine a pump or a turbine? J&hat m &£ prfi s, s ures_at, 
po ints A and BP. Neglect head losses. Assume a - 1.0 al all 
locations. 



Same 
elevation - 



Water 

r= io°c 



3: 



PROBLEM 7.35 
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7.50 Water ( 1 0°C) is flowing at a rate of 0.J5 mVs, and it is as- 
*__sumcd that h L - 2 V 2 /7g from the reservoir to the gage, where 
V is the velocity in the 30-cm pipe. What power must the pump " 
upply? Assume a = 1 .0 at all locations. 

p = 100 kPa , 



ii 
H 

r 



Elevation = 10 m - 



Water 

T= km; 



■ Elevation = 6 m 



40 cm diameter 



r3 



A 



- Elevation -2m 



PROBLEM 7.50 
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7.65 Water flows in this bend at a rate of 5 m'/s, and the pressure" 
at the inlet is 650 kPa. If the head loss in the bend is 10 m, what 
will the pressure be at the outlet of the bend? Also estimate the ' 
force of the anchor block on the bend in the x direction required 
to hold the bend in place. Assume a = 1 .0 at all locations. *" 




{vertical) 
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PROBLhM 7.65 
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7.61 A 40 cm pipe abruptly expands to a 60 cm size. These 

pipes are horizontal, and the discharge ot" water from the smaller 
~~ size to the larger is 1.0 mVs. What horizontal force is required 

to hold the transition in place if the pressure in the 40 cm pipe is 
- 70 kPa gage? Also, what is the head loss? Assume a = 1 .0 at 

all locations. 
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Gradual expansion of conduit allows 
kinetic energy to be converted to pressure 
head with much smaller h. at the outlet; ~ 
hence the HGL approaches the EGL. 




N 4 




— increases because 

diameter of conduit decreases 
causing I'to increase. 
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"XgO — What horsepower must 'be supplied to the water to pump 
3.0 cfs at 68°F from the lower to the upper reservoir? Assume 



i'hat7he~head loss in the pipes is given by h L - 0.018 (L/D) 

(rV2g), where L is the length of the pipe in feet and D is the 1 ■ & O^oj-g V 
pipe diameter in feet. Sketch the HGL and the EGL. «g 
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^ Potenria! core finviscid flow) 
- Developing flow - 
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EH- 



\_ Wall shear stress is 
changing due to the 
change in velocity 
profile as boundary 
/ layer grows. 



Distance (j) 



Fully developed 
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N — WaN shear stress ij 
constant because 
velocity profile is 

.^constant with *. 
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